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Zeolites are broadly used as heterogeneous catalysts in various chemical and 
petrochemical industries to produce value-added chemicals and fuels, mainly due to their 
large surface area, acid-base properties, high thermal stability, and excellent shape-
selectivity. In this dissertation, various zeolite catalysts were engineered through fine-
tuning micro-meso-macro-porosity and surface acidity. The engineered zeolites were used 
as heterogeneous catalysts for production of light olefins such as ethylene and propylene 
through alcohol dehydration and hydrocarbon cracking reactions.   
To control the zeolite porosity and acidity, SAPO-34@ZSM-5 and SAPO-
34@Silicalite-1 composites with core-shell structure were synthesized and evaluated in 
ethanol dehydration reaction. Analysis of catalytic performance revealed enhancement in 
propylene and ethylene yields and improvement in catalysts stability owing to their core-
shell structure. Furthermore, zeolites HZSM-5 and HY with MFI and FAU frameworks 
were formulated into monolithic contactors using 3D printing technique, followed by 
subsequent SAPO-34 crystals growth through a secondary hydrothermal method. The 3D-
printed zeolite monoliths were also doped with various metals such as Ce, Cr, Ga, La, Mg, 
Y, and Zn, and their structural and catalytic properties were systematically investigated. 
Due to the synergistic integration of the suitable acidity and the hierarchical porosity, high 
yield of light olefins and excellent anti-coking stability were demonstrated. The obtained 
catalytic results showed that monolithic catalysts with high zeolite loading exhibited 
comparable performance to their powder counterparts and displayed a relatively high 





I would like to thank my academic advisor, Dr. Ali Rownaghi, for his guidance, 
advice and patience. I appreciate the time he shared with me discussing the experimental 
results, the suggestion for me and his financial supports in the research and academic 
conferences. 
I am also thankful to the other committee members, including Dr. Muthanna Al-
Dahhan, Dr. Mark Fitch, Dr. Douglas Ludlow, for their excellent and constructive 
suggestions, and Dr. Fateme Rezaei for her advice and sharing her experimental instrument. 
I greatly appreciate the assistance and help from Dr. Eric Bohannan for XRD 
analysis, Mr. Brian Porter for XPS analysis, Dr. Clarissa Weisner for SEM analysis, Dr. 
Jeremy Watts for compressive test, Mr. Suraj Donthula for NMR measurement, and Mr. 
Dean Lenz for mechanical and electronical repair and maintenance. I would like to express 
my thanks to all my friends in the lab, including, but not limited to, Amit Kant, Harshul 
Thakkar, Yingxin He, Shane Lawson, who helped me with the experiments. 
My sincere gratitude is also given to my wife for her prayers, her everlasting love, 
her understanding, her accompanies, her supports, and her delicious food. I am grateful to 
my parents and sister for supporting, emboldening and encouraging me when I am away 
from my home country. I thank God for His grace, love, and abundance. I thank every 
brother and sister in the church for their loving prayers which rejoice me in the peace and 





TABLE OF CONTENTS 
                                                                                                                                        Page 
PUBLICATION DISSERTATION OPTION ................................................................... iii 
ABSTRACT ....................................................................................................................... iv 
ACKNOWLEDGEMENTS ................................................................................................ v 
LIST OF ILLUSTRATIONS ............................................................................................ xii 
LIST OF SCHEMES....................................................................................................... xvii 
LIST OF TABLES ......................................................................................................... xviii 
SECTION 
1. INTRODUCTION .......................................................................................................... 1 
1.1. ZEOLITE ............................................................................................................ 1 
1.1.1. Fundamentals of Zeolite. .......................................................................... 1 
1.1.2. Zeolite Catalysts ....................................................................................... 2 
1.2. SELECTIVE PRODUCTION OF LIGHT OLEFFINS...................................... 4 
1.2.1. Methanol to Olefins .................................................................................. 4 
1.2.2. Bioethanol to Olefins................................................................................ 5 
1.2.3. Catalytic Cracking .................................................................................... 7 
1.3. ENGINEERING ZEOLITE CATALYSTS ........................................................ 9 
1.3.1. Synthesis of Composite ............................................................................ 9 
1.3.2. 3D-printing of Strucutred Catalysts ....................................................... 10 
1.3.3. Modification with Metals ....................................................................... 11 






I. LIGHT OLEFINS FROM RENEWABLE RESOURCES: SELECTIVE 
   CATALYTIC DEHYDRATION OF BIOETHANOL TO PROPYLENE OVER 
   ZEOLITE AND TRANSITION METAL OXIDE CATALYSTS............................ 14 
ABSTRACT............................................................................................................. 14 
1. OVERVIEW OF ETHANOL TO PROPYLENE (ETP) REACTION ................ 15 
2. ETHANOL TO PROPYLENE OVER ZEOLITE MATERIALS ....................... 24 
2.1. EFFECT OF HZSM-5 ZEOLITE STRUCTURE AND BRØNSTED 
ACID SITES ON ETP REACTION .......................................................... 24 
2.2. EFFECT OF POST-TREATMENT MODIFICATION OF 
HZSM-5 ZEOLITE WITH METAL PROMOTERS ON ETP 
REACTION ............................................................................................... 29 
2.3. EFFECT OF A SECOND METAL PROMOTER ON 
HZSM-5 PERFORMANCE IN ETP REACTION .................................... 39 
2.4. EFFECT OF REACTION CONDITIONS ON ETP REACTION ............ 41 
2.5. REACTION MECHANISM AND PROPYLENE SELECTIVITY 
ON HZSM-5 CATALYST ........................................................................ 43 
3. ETHANOL TO PROPYLENE OVER TRANSITION METAL  
    CATALYSTS ...................................................................................................... 45 
4. CATALYTIC CONVERSION OF BIOETHANOL TO ETHYLENE ON 
             VARIOUS ZEOLITES ........................................................................................ 52 
5. CONCLUSION AND OUTLOOK ...................................................................... 55 
REFERENCES ........................................................................................................ 57 
II. SYNTHESIS OF SAPO-34@ZSM-5 AND SAPO-34@SILICALITE-1 CORE- 
SHELL ZEOLITE COMPOSITES FOR ETHANOL DEHYDRATION ............... 71 
ABSTRACT............................................................................................................. 71 
1. INTRODUCTION ............................................................................................... 72 




2.1. CATALYST PREPARATION.................................................................. 75 
2.2. CATALYST CHARACTERIZATION ..................................................... 77 
2.3. CATALYST EVALUATION ................................................................... 78 
3. RESULTS AND DISCUSSION .......................................................................... 78 
3.1. CATALYST CHARACTERIZATION ..................................................... 78 
3.2. CATALYST EVALUATION ................................................................... 85 
4. CONCLUSION .................................................................................................... 89 
ACKNOWLEDGEMENT ....................................................................................... 90 
REFERENCES ........................................................................................................ 91 
III. CATALYTIC CRACKING OF N-HEXANE FOR PRODUCING LIGHT  
  OLEFINS ON 3D-PRINTED MONOLITHS OF MFI AND FAU ZEOLITES ... 94 
ABSTRACT............................................................................................................. 94 
1. INTRODUCTION ............................................................................................... 95 
2. EXPERIMENTAL SECTION ............................................................................. 97 
2.1. PREPARATION OF 3D-PRINTED MONOLITH ................................... 97 
2.2. GROWTH OF SAPO-34 ON MONOLITH .............................................. 98 
2.3. CHARACTERISTICS OF MONOLITHIC CATALYSTS .................... 100 
2.4. CATALYTIC CRACKING OF N-HEXANE ......................................... 101 
3. RESULTS AND DISCUSSION ........................................................................ 101 
3.1. CHARACTERIZATION OF CATALYSTS .......................................... 101 
3.2. CATALYST TEST.................................................................................. 109 
4. CONCLUSION .................................................................................................. 115 
ACKNOWLEDGEMENT ..................................................................................... 116 




IV. 3D-PRINTED ZEOLITE MONOLITHS WITH HIERACHICAL POROSITY  
  FOR SELECTIVE METHANOL TO LIGHT OLEFINS REACTION .............. 122 
ABSTRACT........................................................................................................... 122 
1. INTRODUCTION ............................................................................................. 123 
2. EXPERIMENTAL SECTION ........................................................................... 125 
2.1. PREPARATION OF 3D-PRINTED ZEOLITE MONOLITHS ............. 125 
2.2. GROWTH OF SAPO-34 ON 3D-PRINTED ZEOLITE MONOLITHS 127 
2.3. CHARACTERIZATION OF 3D-PRINTED ZEOLITE MONOLITHS 128 
2.4. CATALYTIC TEST ................................................................................ 129 
3. RESULTS AND DISCUSSION ........................................................................ 130 
3.1. CHARACTERIZATION OF 3D-PRINTED ZEOLITE MONOLITHS 130 
3.2. CATALYST TESTING .......................................................................... 139 
4. CONCLUSION .................................................................................................. 152 
ACKNOWLEDGEMENT ..................................................................................... 153 
REFERENCES ...................................................................................................... 153 
V. METHANOL-TO-OLEFIN CONVERSION ON 3D-PRINTED ZSM-5  
     MONOLITH CATALYSTS: EFFECTS OF MACRO-MESO-  
MICROPOROSITY AND METAL DOPING ...................................................... 159 
ABSTRACT........................................................................................................... 159 
1. INTRODUCTION ............................................................................................. 160 
2. EXPERIMENTAL SECTION ........................................................................... 163 
2.1. PREPARATION OF 3D-PRINTED M/ZSM-5 MONOLITHS ............. 163 
2.2. CHARACTERIZATIONS OF 3D-PRINTED M/ZSM-5 
MONOLITHS .......................................................................................... 164 




3. RESULTS AND DISCUSSION ........................................................................ 166 
3.1. XRD ANALYSIS .................................................................................... 166 
3.2. H2-TPR ANALYSIS ............................................................................... 167 
3.3. FTIR ANALYSIS.................................................................................... 170 
3.4. NH3-TPD ANALYSIS ............................................................................ 172 
3.5. MORPHOLOGY, SURFACE AREA AND PORE SIZE ANALYSIS .. 173 
3.6. MECHANICAL TESTING ..................................................................... 178 
3.7. CATALYTIC EVALUATION ............................................................... 180 
4. CONCLUSION .................................................................................................. 186 
ACKNOWLEDGEMENT ..................................................................................... 187 
REFERENCES ...................................................................................................... 187 
SUPPLEMENTRARY INFORMATION ............................................................. 194 
VI. SYNTHESIS OF CR, CU, NI AND Y-DOPED 3D-PRINTED ZSM-5  
      MONOLITHS AND THEIR CATALYTIC PERFORMANCE FOR  
  N-HEXANE CRACKING ................................................................................... 199 
ABSTRACT........................................................................................................... 199 
1. INTRODUCTION ............................................................................................. 200 
2. EXPERIMENTAL SECTION ........................................................................... 203 
2.1. MATERIALS .......................................................................................... 203 
2.2. PREPARATION OF 3D-PRINTED ZSM-5 MONOLITH .................... 203 
2.3. CATALYST CHARACTERIZATION ................................................... 204 
2.4. CATALYST TEST.................................................................................. 205 





3.1. CHARACTERIZATION OF THE 3D-PRINTED ZSM-5 
MONOLITHS .......................................................................................... 205 
3.2. CATALYTIC EVALUATION OF THE 3D-PRINTED 
ZSM-5 MONOLITHS ............................................................................. 214 
4. CONCLUSION .................................................................................................. 221 
ACKNOWLEDGEMENT ..................................................................................... 222 
REFERENCES ...................................................................................................... 222 
SECTION 
2. CONCLUSIONS AND FUTURE WORK ................................................................. 228 
2.1. CONCLUSIONS ............................................................................................ 228 
2.2. FUTURE WORK ............................................................................................ 230 
BIBLIOGRAPHY ........................................................................................................... 232 





LIST OF ILLUSTRATIONS 
Figure               Page 
SECTION 
1.1.  Schematic presentation of formation of zeolite framework (a and b) and the 
structure of tetrahedral unit (c and d) .......................................................................... 2 
1.2.  Reaction network of methanol conversion over zeolite and SAPO catalysts ............. 5 
1.3.  Reaction mechanism for alcohol dehydration reactions ............................................. 6 
1.4.  Reaction network in zeolite-assisted cracking of hydrocarbon molecules ................. 8 
 
PAPER I 
1.     Routes for bioethanol dehydration reaction .............................................................. 16 
2.     Effect of Si/Al2 ratio on the propylene yield ............................................................ 26 
3.     Distribution of hydrocarbons product over HZSM-5 with varying Si/Al2 ratio ....... 27 
4.     Product distribution for the modified ZSM-5(80) .................................................... 36 
5.     Initial product distribution over HZSM-5 at 823 K .................................................. 37 
6.     Time course of propylene yield for ethanol conversion over HZSM-5 and  
P/HZSM-5 zeolites at P/Al = 0.5 .............................................................................. 38 
7.     Effect of reaction temperature on the yield of products over HZSM-5 (80):  
(■) C2H4, (●) C3H6, (▲) C4, (▼) C5+ aliphatics and aromatics ............................... 41 
8.     Change in the catalytic activity of ceria with the addition of 20 (Fe) or 10  
atom % (metals other than Fe) .................................................................................. 47 
 
PAPER II 




2.     Scheme of catalysts synthesis procedure employed in this study to prepare  
core-shell composites ................................................................................................ 76 
3.     SEM images of the zeolites ....................................................................................... 79 
4.     Particle size distribution of SAPO-34 (blue) and SAPO-34@ZSM-5 (green) ......... 80 
5.     XRD Patterns of the SAPO-34, ZSM-5, SAPO-34@ZSM-5,  
SAPO-34@silicalite-1 .............................................................................................. 82 
6.     N2 physisorption isotherms and pore size distributions (inset figure) of  
ZSM-5 (black), SAPO-34 (blue), SAPO-34@ZSM-5 (red) and  
SAPO-34@silicalite-1 (green) .................................................................................. 83 
7.     NH3-TPD profile of ZSM-5 (black), SAPO-34 (blue), SAPO-34@silicalite-1 
(green) and SAPO-34@ZSM-5 (red) ........................................................................ 85 
8.     Ethanol conversion over the ZSM-5, SAPO-34, SAPO-34@silicalite-,  
SAPO-34@ZSM-5 and mechanically mixed SAPO-34/ZSM-5 .............................. 86 
9.     Time-on-stream of selectivity for ethanol dyhydration over ZSM-5 (a),  
SAPO-34 (b), SAPO-34@ZSM-5 (c), SAPO-34@silicalite-1 (d),   
SAPO-34/ZSM-5 (e) ................................................................................................. 88 
 
PAPER III 
1.     Optical image of the 3D-printed monoliths .............................................................. 99 
2.     XRD patterns of the monolithic catalysts ............................................................... 102 
3.     SEM images of the surface of (a) HZSM-5 monolith, (b) HY monolith,  
(c) HZSM-5 monolith with SAPO-34 growth, and (d) HY monolith with  
SAPO-34 growth ..................................................................................................... 103 
4.     N2 physisorption isotherms of  (a) ZP, ZM, SZM, (c) YP, YM, SYM zeolite  
catalysts together with corresponding pore size distribution in (b) and (d) 
respectively ............................................................................................................. 105 
5.     NH3-TPD profiles of (a) ZP, ZM, SZM and (b) YP, YM, SYM zeolite catalysts.. 106 
6.     Ex-situ pyridine adsorbed FTIR of (a) ZP, ZM, SZM and (b) YP, YM, SYM  
zeolite catalysts ....................................................................................................... 108 
7.     Conversion of n-hexane as the function of time on stream on the investigated 




8.     Product distribution on the investigated HZSM-5 and HY zeolites at (a) (c)  
600 °C and (b) (d) 650 °C ....................................................................................... 112 
9.     TGA (lower) and DTA (upper) profiles of the spent catalysts after n-hexane 
cracking at 650 °C ................................................................................................... 114 
 
PAPER IV 
1.     Zeolite monoliths (M1) extruded by the 3D printer and microscopic image of  
the channels ............................................................................................................. 127 
2.     Schematic of the fixed-bed reactor setup ................................................................ 129 
3.     XRD patterns of the bare (M1, M2) and SAPO-coated (SPM1, SPM2) 3D- 
printed monoliths .................................................................................................... 131 
4.     SEM image of (a) parent HZSM-5 powder; (b) the surface of M1; (c) the 
surface of M2; (d) the cross section of SPM1; (e) cross sectional view of  
SPM2; (f) top view of SPM1 .................................................................................. 132 
5.     N2 physisorption isotherms and PSD (insets) of (a) pure HZSM-5 and silica,  
(b) M1 and SPM1, (c) M2 and SPM2, and (d) M3 and SPM3 ............................... 134 
6.     Schematic of monolith surface topology and porosity affected by SAPO-34 
crystal growth .......................................................................................................... 135 
7.     Compressive strength of 3D-printed monoliths ...................................................... 136 
8.     NH3-TPD profiles (a) and py-FTIR spectra (b) of the HZSM-5 powder and the 
corresponding 3D-printed monoliths ...................................................................... 138 
9.     Methanol conversion (XMeOH) as a function of time-on-stream over all the  
investigated catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1;  
(b) temperature: 623 K, WHSV: 1.06 h-1; (c) temperature: 673 K, WHSV: 
0.35 h-1; and (d) temperature: 673 K, WHSV: 1.06 h-1 ........................................... 140 
10.   (a) Methanol conversion (XMeOH) and selectivity to ethylene/propylene as a  
function of time-on-stream over M1 and HZSM-5/binder mixture at 673 K and  
WHSV=1.06 h-1; (b) TGA (lower) and DTA (upper) profiles of the spent M1  
and HZSM-5/binder mixture after methanol dehydration at 673 K and  





11.   Ethylene selectivity as a function of time-on-stream over all the investigated  
catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1; (b) temperature: 623 K,  
WHSV: 1.06 h-1; (c) temperature: 673 K, WHSV: 0.35 h-1; and (d) temperature:  
673 K, WHSV: 1.06 h-1 ........................................................................................... 143 
12.   Propylene selectivity as a function of time-on-stream over all the investigated  
catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1; (b) temperature: 623 K,  
WHSV: 1.06 h-1; (c) temperature: 673 K, WHSV: 0.35 h-1; and (d) temperature:  
673 K, WHSV: 1.06 h-1 ........................................................................................... 144 
13.   TGA (lower) and DTA (upper) profiles of the spent catalysts after methanol  
dehydration at temperature: 673 K, WHSV 0.35 h-1............................................... 147 
14.   Schematic of (a) the MTO reaction pathway [60], (b) the formation of coke  
over the zeolite monolith and powder ..................................................................... 149 
15.   Methanol conversion (XMeOH) and selectivity to ethylene/propylene as a 
function of time-on-stream over SPM3. (673 K, WHSV: 1.06 h-1). Inset: XRD 
pattern of SPM3 ...................................................................................................... 150 
16.   29Si MAS NMR spectra of the fresh and spent catalysts after 15 h of reaction  
(673 K, WHSV: 1.06 h-1) ........................................................................................ 151 
 
PAPER V 
1.     Optical image of the 3D-printed ZSM-5 monoliths with various dopants ............. 164 
2.     XRD patterns of the 3D-printed ZSM-5 monolith and its metal-doped  
counterpart .............................................................................................................. 167 
3.     H2-TPR profiles of the M/ZSM-5 monoliths .......................................................... 168 
4.     FTIR spectra of the 3D-printed ZSM-5 monolith and its metal-doped  
counterparts ............................................................................................................. 171 
5.     NH3-TPD profiles of the as-prepared 3D-printed monoliths .................................. 172 
6.     SEM images for ZSM-5 and M/ZSM-5 monolith samples .................................... 174 
7.     Schematic of the pores derived from the decomposition and removal of methyl  
cellulose .................................................................................................................. 175 
8.     N2 physisorption isotherms of bare ZSM-5 and M/ZSM-5 samples with BJH  




9.     Compressive strength of the as-prepared 3D-printed monolith samples ................ 179 
10.   The conversion of the methanol (XMOH) and the selectivity of the hydrocarbon  
product (SHydrocarbon) as a function of time on stream over the investigated 
catalysts ................................................................................................................... 181 
11.   Product distribution over 3D-printed zeolite monoliths for methanol-to- 
olefins reaction ........................................................................................................ 183 
12.   TGA (lower) and DTA (upper) profiles of the spent catalysts after 24 h of  
methanol conversion at 673K ................................................................................. 184 
13.   Turnover frequency of the 3D-printed monoliths ................................................... 185 
 
PAPER VI 
1.     XRD patterns of ZSM-5 monolith and its modified counterparts with various 
metals in the range of (a) 2θ = 5-50° and (b) 2θ = 30-50° ...................................... 206 
2.     FT-IR spectra of (1) ZM, (2) YZM, (3) NiZM, (4) CrZM and (5) CuZM in the 
range of (a) 400-1000 cm-1 and (b) 400-4000 cm-1 ................................................. 208 
3.     SEM images of the side view of ZM internal channels (a), and suface of ZM 
(b), CrZM (c), CuZM (d), NiZM (e) and YZM (f) ................................................. 209 
4.     Nitrogen adsorption-desorption isotherms at -196 °C and BJH pore size  
distribution (inset) ................................................................................................... 211 
5.     NH3-TPD profiles of the 3D-printed ZSM-5 monoliths ......................................... 212 
6.     H2-TPR profiles of the 3D-printed monoliths ......................................................... 214 
7.     Conversion of n-hexane as the function of time on stream on the investigated  
3D-printed ZSM-5 monolith at (a) 600 °C and (b) 650 °C ..................................... 215 
8.     Product distribution on the investigated 3D-printed ZSM-5 monolith at (a)  
600 °C and (b) 650 °C ............................................................................................. 217 
9.     TGA (lower) and DTA (upper) profiles of the spent catalysts after n-hexane  
cracking at 650 °C for 24 h ..................................................................................... 219 





LIST OF SCHEMES 
Scheme              Page 
PAPER I 
1.     Proposed mechanism of ethanol to propylene reaction over HZSM-5 ..................... 44 
2.     Mechanisms of ethanol conversion to propylene over Ni ion-loaded silica 
MCM-41 ................................................................................................................... 49 
3.     Mechanism of ethanol conversion to propylene over Sc-modified In2O3 ................ 50 




LIST OF TABLES 
Table               Page 
PAPER I 
1.     Effect of different HZSM-5 catalysts on ETP reaction at 773 K (823 K for Ref. 
48 and 49) and Pethanol = 50 MPa ............................................................................... 30 
2.     Effect of the promoter of HZSM-5 on ethanol conversion and propylene  
selectivity at Pethanol = 50 MPa ................................................................................... 32 
3.     Effect of different isomorphously framework-substituted HZSM-5 catalysts  
on ETP reaction at 773 K and Pethanol = 60 MPa........................................................ 33 
4.     Various metal oxide catalysts for ETP reaction W/F=0.15625g/(mL/min),  
Pethanol= 30 Mpa W/F: catalyst weight/feed flow rate, T: reaction temperature,  
Xethanol: Ethanol conversion, Spropylene: propylene selectivity .................................... 51 
 
PAPER II 
1.     Physicochemical characteristics of SAPO-34, ZSM-5, SAPO-34@ZSM-5 and  
SAPO-34@silicalite-1 .............................................................................................. 81 
 
PAPER III 
1.     Physical properties of the investigated samples obtained from nitrogen  
physisorption ........................................................................................................... 104 
2.     Acid properties calculated from NH3-TPD profiles and pyridine adsorption  
FTIR ........................................................................................................................ 107 
 
PAPER IV 
1.     Composition of the 3D-printed monoliths .............................................................. 127 
2.     N2 physisorption data of the bare (M1, M2) and SAPO-coated (SPM1, SPM2)  




3.     Acid site distribution of the 3D-printed monoliths ................................................. 138 
4.     Hydrocarbon distribution over monolith catalyst and the parent HZMS-powder .. 146 
 
PAPER V 
1.     Summary of TPD and TPR results ......................................................................... 169 
2.     Physical properties of the investigated samples obtained from nitrogen  
physisorption ........................................................................................................... 178 
 
PAPER VI 
1.     Physical properties of the 3D-printed ZSM-5 monoliths ........................................ 207 





1.1. ZEOLITE  
Zeolites are crystalline aluminosilicate with micropores built up from SiO4- and 
AlO4- tetrahedra.1 Volcanic activity is the cause of these naturally formed porous minerals 
but they can also be synthesized in the laboratory. The term zeolite, which means “boiling 
stone”, was initially raised by Axel Fredrik Cronstedt after observing large amounts of 
steam from the heated water-adsorbed stilbite.2 International Zeolite Associate (IZA) 
announced that currently there are 232 types of zeolite with different kwon structure. 
1.1.1. Fundamentals of Zeolite.  In zeolite, all four oxygen atoms at the corners 
of each tetrahedron are shared with adjacent tetrahedral unit and hence bonded together to 
form crystals with various structure, as shown in Figure 1.1a-b. If the central atom of the 
tetrahedron in the framework is silicon (Figure 1.1c), the overall structural becomes 
electrically neutral, like the quartz. If some of the quadri-charged silicon cations are 
replaced by triply-charged aluminum (Figure 1.1d), the structure is generally balanced by 
the presence of cations, e.g.  Na+, K+, Ca2+ and Mg2+.3 The formula of the zeolite is usually 
denoted as Me2/nO ∙ Al2O3 ∙ xSiO2 ∙ yH2O, where, Me represents any alkali or alkaline earth 
atom, n is the charge on that atom, x is the number of Si tetrahedron while y is the number 
of water molecules.4 Mea/n(AlO2)a(SiO2)b ∙ wH2O is the structural formula to represent 
zeolite, where the ratio of b/a, known as Si/Al ratio, reflected the amount of silica replaced 
by aluminum in the zeolite. This ratio usually range from 1 to 5, but with more application 







Figure 1.1. Schematic presentation of formation of zeolite framework (a and b) and the 
structure of tetrahedral unit (c and d). 
 
 
The Structure Commission of IZA established a set of rules to assign a three-letter 
code to represent the framework type of the zeolite.6 For example, CHA, FAU, LTA and 
MFI are the codes for four types of zeolites of frameworks with various ring sizes, channel 
dimensions and cage geometries. The numerous framework types as well as alterable Si/Al 
ration provide the diversity of zeolites to be utilized in many fields such as catalysis,7 
adsorption,8 ion-exchange,9 gas separation,10 agriculture11 and animal husbandry.12 
1.1.2. Zeolite Catalysts.  Zeolites were first utilized in catalysis from 1948 to 1955 
when the synthetic zeolites were possible.13 The first industrial scale zeolite catalysts were 
faujasites (zeolite X and Y) which were used in fluid catalytic cracking of heavy petroleum 




such as porosity, surface acidy and crystal size may also influence the efficiency of the 
zeolite’s role in various catalytic reactions.  
According to IUPAC classification for pore types, pores with dimension less than 
2.0 nm are defined as micropores; pores with dimension between 2.0 to 50 nm are regarded 
as mesopores; pores with dimension larger than 50 nm are macropores. Zeolites generally 
have micropore with dimensions of 0.4 to 1.2 nm due to their intrinsic channels and cages, 
which contributes to their large surface area, high adsorption capacity, high thermal 
stabilities, and excellent shape-selectivity. The porous nature makes zeolites outstanding 
in industrial process such as oil refining and petrochemicals production.14-15  However, 
small micropores may also affect the mass transfer of intermediates and products in the 
catalysts and hence limits their catalytic performance. Efforts have been made to prevent 
this negative influence by synthesizing nanocrystal zeolites,16-17 mesoporous zeolites,18-19 
ultra-large pore zeolites,20-21 and hierarchical porous zeolites.22-23 
Surface acidity is the most significant property of zeolite with respect to their 
application in catalysis. The recognition and evaluation of the surface acidity involves 
distinguishing (1) the nature of the acid sites (i.e. Brønsted and Lewis acid sites), (2) the 
density of the acid sites, and (3) the strength of the acid sites. Brønsted and Lewis acid sites 
are both present in zeolites, donating protons or accepting electron pairs in the catalytic 
reactions, respectively.24 Brønsted hydroxyl groups can be directly detected by solid IR 
and 1H-NMR. Compared to Brønsted acid sites, Lewis acid sites are less straightforward 
to be identified directly by spectroscopy. Currently, FTIR spectroscopy of the pyridine-
adsorbed zeolite is used to determine the Brønsted and Lewis acid sites in zeolites.25-26 For 




is temperature-programmed desorption of NH3 (NH3-TPD).27-28 The effect of these acidity 
properties on the product distribution vary with reactions. It depends on the reaction 
mechanism and the pathways of the reactions. 
 
1.2. SELECTIVE PRODUCTION OF LIGHT OLEFFINS 
Light olefins (ethylene, propylene, butylene and butadiene) are significant raw 
materials for the production of plastics, elastomers, textiles and many downstream 
chemicals.29 Worldwide demands for ethylene and propylene, the most common light 
olefins, are estimated to be 130 million tons worldwide by 2023.30 Nowadays, the majority 
of light olefins are produced by conventional steam cracking of hydrocarbons feedstock 
derived from either naphtha or natural gas liquids, which is featured by high energy 
consumption and CO2 emission.31-32 With the development of zeolite catalysts and related 
technology, the on-purpose selective production of light olefins from various sources are 
drawing more attentions and taking more proportion in the industry.33-36 
1.2.1.  Methanol to Olefins.  Methanol is sensitive to catalysts and could form 
hydrocarbon over acidic zeolite due to its high activity. Methanol to olefins (MTO) reaction 
was first proposed by Mobil Corporation in 1977 and progresses have been achieved in 
reaction principle, catalyst synthesis and process research and development. 
In addition to zeolite such as ZSM-5,37-38 ZSM-22,39-40 silicoaluminophosphate 
(SAPO) was also extensively investigated for the MTO.41-42 Dahl and Kolboe proposed the 
hydrocarbon pool (HCP) mechanism to explain the olefins generation from methanol 
conversion. In this theory, the aromatic species generated in the zeolite cage or intersection 




methanol conversion over acidic zeolites or SAPO catalysts includes the olefin formation 
reaction through aromatics-based or olefins-based reaction route such as olefin methylation, 
olefin oligomerization, cyclization, olefin cracking and other reactions which may cause 
deactivation.45 Figure 1.2 shows the reaction network of the above-mentioned competitive 




Figure 1.2. Reaction network of methanol conversion over zeolite and SAPO catalysts. 
 
 
1.2.2.  Bioethanol to Olefins.  With the increasing demands for energy and 
depletion of fossil feedstock, renewable energy sources are attracting extensive research 
interest.46 Bioethanol is a promising alternative because of its wide availability and 
potential for further production of various chemicals. In recent years, numerous energy-
efficient and cost-effective technologies for production of bioethanol from biomass have 
been developed. It makes bioethanol an alternative energy source and a precursor for higher 
hydrocarbons and fuels options. The climbing ethylene and propylene price and the 




reaction in the ethylene to olefins conversion is the dehydration of ethanol to produce 
ethylene, as shown in Equation 1. 
CH3CH2OH → C2H4 + H2O ΔH = 45.7 kJ∙mol-1    (1) 
The mechanism of this reaction mainly follows the pathway denoted as P1 as shown in 
Figure 1.3, which is specific for primary alcohols like ethanol due to the difficulty to form 
carbocation intermediate with a high energy barrier. Other secondary or tertiary alcohols 
generally undergo the mechanism proceeding via a carbocation intermediate on acidic 
zeolite catalysts, which follows the pathway denoted as P2a in Figure 1.3, and on base 




Figure 1.3. Reaction mechanism for alcohol dehydration reactions. 
 
 
The production of C3−C4 olefins from ethanol can also be carried out catalysts 
including zeolites/modified zeolites and metal oxides. The reaction mechanisms vary with 




olefins has been proposed to be the successor of ethylene formation pathway. Specifically, 
ethanol first undergoes dehydration to form ethylene. Then the ethylene is catalyzed by the 
acid sites in the zeolite and transformed to C3+ hydrocarbons (including C3−C4 olefins) via 
oligomerization, cracking and aromatization reactions.48-49 On the other hand, the ethylene 
from ethanol dehydration over metal oxides catalysts undergoes dimerization, 
isomerization, and metathesis reactions on the active phase.50-52 Recently, a combination 
of acid and base sites containing catalysts have been developed for ethanol conversion. 
Propylene and isobutene with high selectivity (>60 mol % vs <30 mol % on zeolites) over 
such catalysts have been produced via acetaldehyde and acetone intermediates.53  
1.2.3.  Catalytic Cracking.  Catalytic cracking is one of the most significant 
technologies in the oil refinery industry, which produces the majority of the world's 
gasoline.36 The research for the substitution of conventional thermal cracking was initiated 
in 1938 by a consortium called Catalytic Research Association. The commercial system 
was developed in 1942, the first commercial FCC unit (PCLA-1) was started up then.54   
Due to its specific properties and production objective, the catalytic cracking 
process is demanding in following aspects:55 (1) Activity, selectivity and accessibility: the 
catalytic properties to convert the large molecules of the reactant to the desired molecules; 
(2) Hydrothermal stability: the catalyst must be able to withstand the temperature and steam 
partial pressure in the regenerator; (3)  Metals tolerance: the catalyst must be able to 
withstand the actions of poisons in the (heavier) feedstock; (4) Coke selectivity: the catalyst 
must make the minimum amount of coke at high cracking activity, especially when 
processing heavier feedstocks. According to the description above, zeolite, which contains 




are used, together with clays and alumina or silica to enhance the heat capacity and create 
mesopores. 
The mechanism of the cracking was investigated for the past years. The formation 
of carbenium ions as the intermediate is broadly accepted as pathway for catalytic cracking. 
Figure 1.4, reproduced from the work of Dupain et al.,56 shows the reaction network of the 








The Brønsted acid site donates the proton to alkane to form carbonium ion in 
Reaction 1 shown in Figure 1.4. Similarly, the proton can be donated from the zeolite to 
alkene to form carbenium ion in Reaction 2. The alkene is proposed to be formed by the 
thermal cracking ahead of time. The carbenium ion can also be generated when the hydride 
is transferred from alkane to zeolite, as in Reaction 3. Then the β-scission of the carbenium 
ion occurs to form a new carbenium ion and an alkene.57-58 
 
1.3. ENGINEERING ZEOLITE CATALYSTS 
Since the first synthesized zeolite was available, efforts have been made to engineer 
the zeolites in many aspects to improve their performance as the catalysts.  Strategies were 
devised to enhance the catalyst activity, increase the selectivity to the desired product and 
to improve catalyst stability and life time by optimizing the acidity, scaling down the 
crystal size, altering the pore structure, and modifying with heteroatoms. Herein we discuss 
following novel approaches to engineer zeolites to modify the porosity and acidity of the 
catalysts. 
1.3.1.  Synthesis of Composite.  To synthesize the composite of zeolites is a very 
interesting topic especially when they are utilized as catalysts. An obvious catalytic 
synergism usually exhibits in the synthesized composite, no matter what type of structure 
it bears.59-61 One of the novel approaches to synthesize zeolite composite which may 
modify the zeolite properties and alter the catalytic performances is to grow the zeolite of 
one type as a “shell” over another type of zeolite as the “core” crystals.62 In the core-shell 
structure, the desired reactant or the intermediate with specific properties, controlled by the 




such as ZSM-5/SAPO-11,63 Al-ZSM-5/silicalite-1,64 H-ZSM-5/silicalite-1,65 BEA/MFI,66 
ZSM-5/SAPO-34,67-68 and mordenite/silicalite-169 with core-shell structures have been 
previously reported. These composites have been designed to synergize two zeolites with 
the different frameworks using various strategies and utilized in heterogeneous reactions 
such as fluid catalytic cracking, propane dehydrogenation, methanol to aromatics, and 
alkylation of toluene with methanol. There reports has firmly demonstrated that these core-
shell structures not only change the morphology of the zeolite but also modify the acidity, 
pore size, adsorption-desorption behavior, in situ reaction mechanism, and distribution of 
the reaction products. 
1.3.2.  3D-printing of Structured Catalysts.  Three-dimensional (3D) printing, 
also known as additive manufacturing, is a bottom-up fabrication method that fabricate 
materials with designed structures from digital models.70 In comparison with traditional 
fabrication approaches, 3D printing technique is based on the incremental addition of layers 
of materials, which has following advantages: (1) Direct production of 3D part; (2) More 
material accessibility; (3) Reduced lead-time; (4) Sustainable manufacturing technology, 
which make it meets the market demands for customization, flexibility, design complexity 
and high transportation cost.71 Many different applications, including electrochemical 
devices,72-74 biomaterials,75-77 and microfluidic devices78-80  are being explored and for this 
novel method. Many material including graphene,81-82 metal-organic frameworks,83, 
zeolite,30, 84-87 have been prepared by the 3D printing process. Due the precise control of 
the fine structure of the material, 3D printing has also been proven to be potential in 
catalytic applications. With daily development of 3D printing techniques and continuous 




precision of the material properties may significantly improve. Therefore, it is reasonable 
to expect that using additive manufacturing to prepare catalytic materials will continue to 
develop in the coming years.  
1.3.3.  Modification with Metals.  Generally, the zeolite with metal modification 
is prepared by either ion exchange or impregnation method.88 The ion exchange is 
generally performed by dispersing the zeolite and the aqueous solution of the 
corresponding metal salt for several times with subsequent washing and drying.89 In this 
way, all the cations in the zeolite could be replaced by the desired cations in the solution 
and hence alter the acidity, porosity, and other properties of the zeolite. The impregnation 
method refers to the introduction of a certain amount of metal by addition of zeolite in an 
aqueous solution of the corresponding nitrate or acetate to achieve a desired loading after 
drying and calcination.90 Other approaches such as chemical vapor deposition (CVD)91-92 
and atom layer deposition (ALD)93-94 were also applied to introduce metal or metal oxide 
to the zeolite catalysts. The above-mentioned post-synthesis treatment of the zeolite may 
change its properties including surface area, porosity, acidity, reducibility and 
performances in catalytic reaction.  
 
1.4. DISSERTATION SUMMARY 
In Section 1 of this dissertation, six papers are included. In Paper I, a systematic 
literature review on the production of light olefins from alcohols over zeolites and 
transition metal catalysts was carried out. The factors, such as catalyst properties, reaction 




dehydration were discussed. Mechanisms of ETP reaction over these two different type of 
catalysts, proposed by different researchers, were also summarized. 
In Paper II, SAPO-34@ZSM-5 and SAPO-34@silicalite-1 composites zeolite 
composites with core-shell structure were synthesized via a secondary growth technique. 
Compared to conventional zeolite catalysts in ethanol dehydration reaction, the core-shell 
SAPO-34@ZSM-5 improved the selectivity towards light olefins. In addition, the catalytic 
evaluation results revealed SAPO-34@ZSM-5 and SAPO-34@siliclite-1 enhanced 
propylene and ethylene yield, as compared with bare SAPO-34. 
In Paper III, the facile and efficient method to fabricate 3D-printed HZSM-5 and 
HY monoliths were presented. The novel catalysts were also modified by growing a SAPO-
34 layer on the monoliths surface via secondary growth method. Results revealed that 
HZSM-5 zeolite monolith exhibits more stable activity in n-hexane catalytic cracking and 
higher selectivity to light olefins than its powder counterpart. SAPO-34 growth enhanced 
the activity all monolithic catalysts and significantly improved catalytic selectivity to BTX 
(benzene, toluene and xylene) over HY monoliths. 
In Paper IV, the ZSM-5 zeolite monoliths with various compositions and 
hierarchical porosity was synthesized using 3D printing technique, followed by the growth 
of SAPO-34 crystals on as-synthesized monoliths. Characterization results revealed 
enhancement in mesopore volume and moderation of catalyst acidity as a result of 
formulation into the monolith structure. The obtained monoliths were evaluated in 
methanol-to-olefins (MTO) reaction and found to exhibit higher stability than their powder 
counterparts. SAPO-34 coating promoted the ethylene selectivity due to its intrinsic 




In Paper V, a series of metal dopants (Cr, Cu, Ga, La, Mg, Y, and Zn) were 
employed in the 3D-printed ZSM-5 zeolite monoliths by direct addition of metal nitrate 
precursors into the 3D printing paste. The performance of these printed metal–doped 
zeolite monoliths in MTO reaction was evaluated  and it was found that doping of Cr, Mg, 
and Y into 3D-printed ZSM-5 zeolite monoliths leads to enhanced methanol conversion. 
Mg exhibited the favorable effect on the light olefins production and showed ethylene and 
propylene selectivity of 24% and 33%, respectively with methanol conversion approaching 
95% at 673 K.  
In Paper VI, Cr, Cu, Ni, Y-doped 3D-printed ZSM-5 monoliths were synthesized 
for the investigation of their effect on n-hexane cracking. Compared to the bare ZSM-5 
monolith, the physical and acid properties were significantly altered by the metal dopants. 
Catalytic tests showed that the Cr, Cu and Ni-doped 3D-printed ZSM-5 monolith catalysts 
exhibited high selectivity towards BTX (benzene, toluene, and xylene), while Y-doped 
ZSM-5 monolith promoted the light olefins selectivity.  
In Section 2, the results of the works in this dissertation are summarized and future 
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ABSTRACT 
Propylene is an important constituent of many products that we rely upon in our 
daily life. This essential raw material is currently produced from fossil-derived feedstocks 
such as oil and natural gas. However, conversion of bioethanol to propylene represents an 
interesting opportunity for the utilization of renewable feedstocks such as bioethanol as 
one of the main biomass-derived products via dehydration process. The catalytic 
production of propylene from bioethanol has gained significant attention recently as a 
renewable alternative to conventional technologies. This review will discuss the state-of-
the-art on the use of catalytic materials, such as zeolites and transition metals, in catalytic 
conversion of bioethanol to propylene and related reactions. The corresponding 
mechanisms are reviewed with emphasis on the possibilities provided by these materials 




from bioethanol. Important aspects such as catalyst texture and architecture, the impact of 
promoters and co-feeding water on ethanol to propylene reaction and fundamental 
understanding of reaction mechanisms involved in ethanol dehydration reaction are 
discussed accordingly. 
 
Keywords: Catalysis; Bioethanol; Propylene; Zeolites; Transition metal oxides; ETP 
reaction 
 
1. OVERVIEW OF ETHANOL TO PROPYLENE (ETP) REACTION 
Bioethanol is recognized as a promising alternative feedstock to fossil resources 
because of its wide availability and potential for further production of various chemicals 
[1]. In recent years, numerous energy-efficient and cost-effective technologies for 
production of bioethanol from biomass have been developed [2, 3]. It makes bioethanol an 
alternative energy source and a precursor for higher hydrocarbons and fuels options [4-6]. 
According to the Renewable Fuels Association (RFA) reports [7], the annual world 
bioethanol production in 2014 reached 2.5 × 1010 gallons, an increase of 1.2 × 1010 gallons 
over the production level in 2007. It is predicted that the global bioethanol production will 
increase to more than 3.0 × 1010 gallons in 2017 [8]. Therefore, for the foreseeable future, 
bioethanol will continue to play a critical role in global energy generation, especially for 
base-load chemicals and fuels. 
It is expected that the catalytic conversion of bioethanol will eliminate the 
azeotropic distillation cost and the subsequent dehydration process required for ethanol 




value-added chemicals have been investigated for more than three decades. Fig. 1 shows a 
number of possible routes for ethanol dehydration reactions [10-14], among which catalytic 
conversion of bioethanol to hydrogen, ethylene, 1,3-butadiene and 1-butanol have been 




Figure 1. Routes for bioethanol dehydration reaction. From Ref. [10-14]. 
 
 
Light olefins such as ethylene and propylene are key raw materials for producing 
plastics, elastomers, textiles, and many downstream chemicals [18]. Worldwide production 
of ethylene and propylene are more than 140 and 90 million tons per year, respectively, 
and their demands are estimated to grow to 130 million tons worldwide by 2023 [19, 20]. 




feedstock derived from either naphtha or natural gas liquids [21-24]. However, due to 
growing propylene demand, the rapid decline of petroleum resources and increasing 
environmental protection concerns, emerging so called on-purpose propylene production 
technologies have gained significant attention in recent years [18, 25]. Such technologies 
include deep catalytic cracking (DCC) [26-28], olefin metathesis [29-33], selective C4/C5 
cracking [18, 34], methanol-to-propylene (MTP) [35-40], and propane dehydrogenation 
(PDH) [41-49]. 
The catalytic conversion of ethanol to propylene (ETP) is a promising alternative 
process to close the growing gap between the demand and production of propylene. The 
ETP reaction is endothermic and due to undesirable consecutive and series reactions, the 
propylene yields are still not sufficient to satisfy economic feasibility. Despite the number 
of literature reviews dealing with bioethanol conversion, critical overview of the bioethanol 
to propylene is still lacking. In 2010, Tret’yakov et al. published a review regarding the 
catalytic conversion of bioethanol to hydrocarbon over HZSM-5 catalyst [50]. This review 
has been exemplary and helpful in pointing out the main problems for production of 
ethylene and aromatics hydrocarbons from bioethanol over HZSM-5 catalyst. It focused 
primarily on (i) the main features affecting the HZSM-5 properties, (ii) characteristics of 
HZSM-5 that lead to high aromatic hydrocarbon yields, (iii) the reaction network of 
dehydration, oligomerization, cracking and dehydrocyclization of bioethanol. 
Ethanol steam reforming to produce hydrogen, ethanol conversion to higher 
hydrocarbons, and also oxygenates including 1-butanol, acetone, and acetaldehyde have 
been recently reviewed by Sun and Wang [17], and several different reaction conditions at 




[51] published a short review on catalytic conversion of bioethanol to propylene on Ni ion-
loaded silica MCM-41 and Sc-modified In2O3 and also a solid solution of Y2O3-CeO2. 
Although important bioethanol dehydration aspects on Ni-M-41, Sc/In2O3, and Y2O3-CeO2 
were summarized and discussed in this review (mainly catalytic activity and reaction 
pathway), other fundamental aspects such as support and loading effects, catalyst synthesis 
methods, structure-reactivity relationships, and alloy that forms clusters, were not 
addressed. Clearly, there are still many fundamental questions facing the ETP reaction, 
which still awaiting solutions: (i) how do we stop the dehydration reaction at the stage of 
propylene production and eliminate its total oligomerization, cracking and 
dehydrocyclization? This is particularly important because the consecutive reaction of 
ethylene and propylene is the main source of polyaromatics and responsible for catalyst 
deactivation and low selectivity of the ETP process, (ii) how do propylene selectivity and 
catalyst stability and activity relate to the ETP reaction mechanism over transition metals 
or zeolites? Therefore, it is evident that there are still many important issues that need to 
be considered in summarizing the bioethanol ETP literature and this paper aims at critically 
reviewing the studies  related to these concepts. 
Ferreira Maderia et al. [52] gauged the ethanol conversion among three zeolites 
with different pore architectures (e.g. HFUA, HBEA and HZSM-5) but having the same 
quantity of Brϕnsted acid sites. Large pore HFAU and HBEA zeolites enhanced the yield 
of ethylene and diethyl ether and resulted in faster deactivation mainly due to fast coke 
formation while medium pore zeolite HZSM-5 gave rise to the formation of C3+ 
hydrocarbons and very small amounts of ethylene and diethyl ether [52]. HZSM-5 with an 




ethanol to propylene (with the critical diameter of 0.50 nm) [53]. In addition to classical 
alkene alkylation reaction followed by cracking of the higher olefins [54], and a radical 
assisted mechanism [55], the hydrocarbon pool mechanism [40, 54] has been proposed for 
ethanol dehydration where polysubstituted ethylbenzenes form novel active centers inside 
the HZSM-5 pores. The reaction mechanism of the ethanol dehydration conversion on 
zeolites is still a matter of debate [54]. In general, both ETP and MTP reactions lead to the 
formation of same products distribution over HZSM-5 catalyst. Such products include 
propylene, ethylene, butylene, aromatics, etc. [56, 57]. However, during ETP reaction, 
ethyl-substituted benzene is trapped inside the zeolite pores instead of methyl-substituted 
benzene, which is common for the MTP reaction [58]. The diffusion limitation in the 
transport of ethyl-substituted benzene increases the possibility of coking, hence quickly 
deactivating the HZSM-5 catalyst. Although the microporous HZSM-5 is the most studied 
catalyst for dehydration of ethanol into hydrocarbons, due to the limited diffusion of 
reactants/products within its pore network and coke formation, the catalyst lifetime is much 
shorter than that of both transition metals and metal oxides-based catalysts [13]. To 
alleviate these limitations and to facilitate access of reactants to catalytically active sites, 
adding secondary porosity into the pore structure of microporous zeolites appears to be a 
promising approach for improving their catalytic performance and enhancing their long-
term stability [59]. Furthermore, previous studies reveal that other important factors such 
as acidity (i.e. acid strength and acid sites density), Si/Al2 ratio, and reaction temperature 
significantly influence propylene selectivity in ethanol conversion [60-62]. Post-treatment 
techniques such as impregnation and ion exchange with metal salts, alkali treatment and 




activity and hence the selectivity toward the desired product (propylene). It was reported 
that the propylene selectivity and the propylene/ethylene ratio could be improved by metal 
doped HZSM-5 with a variety of elements including Ba, Ca, Fe, La, Mg, P, Sr, Zr [57, 62-
71]. It is generally accepted that the efficiency of the doped-metal in zeolite structure 
depends mainly on the process conditions at which the catalyst is employed. 
Another zeolite material investigated extensively for light olefins production is 
silicoaluminophosphate (SAPO) with various framework structures and amounts of 
Brønsted acid sites [72-76]. Dai et al. [77] showed that besides the well-known SAPO-34 
catalyst, SAPO-41 exhibits relatively good performance with a methanol conversion of 
100% and a selectivity to light olefins of about 70% at the reaction temperature of 723 K, 
when maintained up to a time-on-stream of 10 h. In another study by Chen et al. [78], it 
was shown that bioethanol conversion of 100% can be achieved using Mn/SAPO-34 with 
high selectivity towards ethylene rather than propylene. This is mainly due to the fact that 
the average pore size of SAPO-34 (0.43 nm) is larger than the critical diameter of ethylene 
(0.42 nm) but smaller than that of propylene (0.50 nm). Despite outstanding performance, 
SAPO-34 suffers from fast deactivation as a result if narrow pore openings and big 
supercages [79, 80], which provide room for accommodating coke, making it less attractive 
for potential industrial applications [81]. Ethylbenzene, the most active confined organic 
formed in the cage of SAPO-34, is converted with time on stream to ethylnaphthalenes and 
polyaromatics derivatives. The accommodation of these bulky coke species causes the 
mass transport and pore diffusional resistances. Oikawa et al. [82] found that the selectivity 




34 and HZSM-5 has also been shown to enhance the selectivity towards propylene by 
manipulating the acidity of the catalyst [83, 84]. 
Besides HZSM-5 and SAPO-34, which are the most investigated and discussed 
zeolites, two other types of zeolites were also investigated for ETP reaction. Tsunoji et al. 
[85] synthesized protonated TON-type zeolite with different Si/Al2 ratios (57, 81, 112, and 
140) and tested the catalysts in the fixed bed reactor. It was concluded that similar to 
HZSM-5, propylene selectivity is dependent upon both Si/Al2 ratio and contact time (W/F). 
The maximum propylene yield reached approximately 25% at 823 K and 0.1 MPa over 
HTON with Si/Al2 ratio of 140. In addition, Sr was doped on HTON (Sr/Al = 0.2) and a 
slight increase in propylene yield to ca. 27% was observed. The effect of doped-Sr is not 
as obvious as that on HZSM-5. Moreover, ETP process over HZSM-11 (MEL-type) was 
reported by Inoue et al. [86]. The highest propylene selectivity was obtained at Si/Al2 ratio 
of 120 and the value was 25% at 823 K, 0.1 MPa. Over W-doped HZSM-11, the ethylene 
production by the dehydration of ethanol was enhanced at higher W/Al2 ratio (lower 
surface acidity) whereas C4 formation by the oligomerization-cracking was slightly 
decreased with the increase in W/Al2 ratio. It was demonstrated that the surface acidity of 
HZSM-11 decreased by tungsten introduction. The decrease in acidity results in the 
decrease of coke formation during the reactions and the improvement of catalyst stability. 
Both TON- and MEL-type zeolites are potential candidates for ETP reaction and the effects 
of catalyst acidity and reaction conditions are similar to those over MFI-type zeolites. 
Similar to their MFI-type counterparts, the promoters can affect the catalyst characteristics 
of TON- and MEL-type zeolites but the studies on the effect of promoters are very few. 




as that over HZM-5, because the acid sites are active centers for ethanol dehydration over 
all three types. Current highest reported propylene yields over Sr/HTON (27%) and 
W/HZSM-11 (26%) are less than the highest over Sr/HZSM-5 (32%). 
Transition metals and metal oxides have also been widely used for ETP process. 
The conversion of ethanol to propylene was reported on various metals such as yttrium-
loaded ceria (Y/CeO2) [87, 88], scandium-modified indium oxides (Sc/In2O3) [89, 90] and 
Ni ion-loaded mesoporous silica MCM-41 (Ni-M41) [13], among others. Among the 
metals and metal oxides investigated for ETP conversion, Sc/In2O3 exhibited the highest 
propylene yield (30%) and the best catalytic stability in ethanol conversion reaction [86]. 
Chistyakov et al. [91] found that the high hydrocarbon selectivity and stability of Pd-
Zn/MFI/γ-Al2O3 catalyst is caused by the stable composition of the alloy that forms the Pd-
Zn clusters. Most recently, Busca et al. [92] showed that tungsta-doped titania (WO3/TiO2) 
and tungsta-doped zirconia (WO3/ZrO2) are excellent catalysts for ethanol dehydration 
reaction. Generally speaking, the mechanism of the multi-step ethanol to propylene 
reaction over these types of catalysts has not been fully understood. Furthermore, there is 
a lack of fundamental understanding about catalyst structure-performance relationship and 
its effect on ETP reaction over transition metals and metal oxides. 
Reaction temperature and contact time play an important role in bioethanol 
dehydration reaction over solid acid catalysts. In alignment with thermodynamics, higher 
reaction temperature and longer contact time favor ethylene formation [52]. However, 
diethyl ether formation is enhanced by increasing the ethanol partial pressure. It has also 




low ethanol/water ratio into the reactor, influences the yield of propylene in the ethanol to 
hydrocarbon reaction to a great extent [93]. 
In the present ETP reaction of bioethanol literature, we endeavor to cover the 
majority of the large number of publications with an emphasis on the following: (i) catalyst 
preparation and characterization, to focus on the influence of catalyst preparation method 
and also identify the molecular structures of the zeolites and transition metal oxides; (ii) 
catalyst structure-activity and selectivity relationship, to examine the influence of several 
key factors such as acid sites strength and distribution, crystal size, porosity and properties 
of promoters as well as molecular structures of the zeolites and transition metal catalysts 
on the reaction kinetics; (iii) kinetics, to understand how reaction rates are dictated by 
reaction temperature and bioethanol partial pressure; and (iv) reaction mechanism, to use 
the catalyst structure-activity-selectivity and kinetic relationships for production of 
ethylene, as the main intermediate product of ethanol conversion over solid catalysts to 
corroborate and develop reaction pathways that account for the overall reaction mechanism 
on both zeolites and transition metal catalysts. 
The objective of the current review is to compile the ETP reaction literature that 
include both zeolites and transition metal catalysts to allow establishing structure-activity 
and selectivity relationships for different solid catalysts. Reliable catalyst structural 
characterizations allow us to clearly verify the acidity, crystal size, porosity as well as the 
role of catalyst post-treatment with various promoters in the aforementioned catalysts. 
Compiling and proper comparison of the literature results in terms of catalyst stability and 
propylene selectivity from all derived information will be useful to identify correlation 




2. ETHANOL TO PROPYLENE OVER ZEOLITE MATERIALS 
Numerous studies have been directed to the development of novel catalysts with 
improved catalytic performance for dehydration of bioethanol to enhance propylene yield 
[51]. To achieve high ethanol conversion and propylene selectivity with minimum coke 
formation, some authors have systematically assessed the influence of catalyst 
characteristics such as zeolite type, acidity, and the nature of the metals dispersed on the 
surface on catalytic performance of zeolites in ETP reaction. Moreover, various 
modifications of zeolite structure have been suggested, aiming at elimination of unwanted 
active sites and enhancement of catalyst activity. These studies are reviewed and discussed 
in detail in this section. As the most widely studied zeolite, HZSM-5 will be the focus of 
this section. 
 
2.1.  EFFECT OF HZSM-5 ZEOLITE STRUCTURE AND BRØNSTED  
ACID SITES ON ETP REACTION 
Zeolites are well known as promising class of porous solid catalysts in various 
catalytic reactions and the advancements in recent years have demonstrated their potential 
application in the bioethanol dehydration reaction. Chemical, physical, structural and 
topological features of zeolite such as acid site density and acidic strength, Si/Al2 ratio, 
crystal size, pore size, and channel structure, in addition to operating conditions (reaction 
temperature, pressure and contact time), are expected to have significant effects on coke 
formation reactions, including oligomerization, cyclization and hydrogen transfer. The 
ratio of Si/Al2 in zeolite has a strong influence on its acidic properties; the higher the ratio, 




lowest) to ∞ (pure-silica zeolite) and can have a dramatic influence on the activity of 
HZSM-5 in ethanol dehydration. In 1978, Derouane et al. [94] first investigated the 
mechanism of conversion of methanol and ethanol to hydrocarbons on HZSM-5 zeolite. 
The work served as the basis for developing other efficient zeolites and since then, different 
zeolite materials with different acid strengths have been investigated for both MTO and 
ETP processes. The acidity of HZSM-5 is influenced by Si/Al2 ratio because aluminum in 
the silica-alumina framework is a major contributor to Lewis acid sites on catalyst surface 
[95]. Ammonia temperature programmed desorption (TPD) is usually used as a probe to 
measure acid site strength and density due to the strong basicity and small molecule size 
of ammonia [96, 97]. 
Inoue et al. [67] studied the Si/Al2 ratio effect using La- and Mg-doped HZSM-5 
catalysts with Si/Al2 ratios of 23, 150, 280, and 400. They showed that Si/Al2 ratio strongly 
affects the dehydration of ethanol over HZSM-5 and found that weaker acidity produces 
higher selectivity of propylene. Ramasamy and Wang [98] reported that the catalyst with 
a higher Si/Al2 ratio (low acid density) is deactivated faster and generates more unsaturated 
compounds at similar time-on-streams. In separate works, Dakta and Tużnik [99], and 
Triantafillidis et al. [100] consented that high Si/Al2 ratio (>20) leads to low density 
HZSM-5 acid sites. Numerous studies have shown that although changing Si/Al2 ratio does 
not essentially impact the mechanism by which propylene is produced from ethanol, the 
distribution of the products and the yield of propylene depend highly on Si/Al2 ratio [101-
105]. Therefore, the products distribution can be controlled by changing Si/Al2 ratio to 




The role of Si/Al2 ratio in ethanol dehydration and its impact on propylene yield is 
presented in Fig. 2. Song and coworkers compared the products obtained from catalytic 
reactions of ethanol over HZSM-5 with various Si/Al2 ratios ranging from 30 to 280 at 673 
K and found a Si/Al2 ratio of 80 to be the optimum [62]. A similar trend has been 
discovered in the experiments conducted by Goto et al. [63], as shown in Fig. 2. In their 
investigation, propylene yield increased with reducing Si/Al2 ratio and the maximum value 
appeared at 52 and thereafter decreased. The experiments conducted by Furumoto et al. 
[60] with similar catalyst and reaction conditions showed similar results. On the basis of 
these findings, it is concluded that mediocre Si/Al2 ratio with moderate surface acidity is 
favorable for the production of propylene. The reason why the line based on Furumoto’s 
work in Fig. 2 is monotonous is that the range of the ratio is too small to reveal a maximum 
value as the other two do. We can rationally presume that the propylene yield would 
 
 
































decrease if more trials were done far below Si/Al2 ratio of 52. In another study by Gayubo 
and coworkers [106], HZSM-5 zeolites treated with the low concentration of NaOH 
solution was used in transformation of ethanol into hydrocarbons. The authors showed that 
shorter treatment time (e.g. 10 min) gives rise to decreased HZSM-5 acid strength, which 
is effective for increasing the selectivity of propylene and butylene products. 
Another important role of Si/Al2 ratio in ethanol conversion reaction is its effect on 
hydrocarbons distribution in product stream, as shown in Fig. 3. In the study conducted by 
Song et al. [62], it was found that Si/Al2 ratio alters the length of hydrocarbons chain in 





























zeolite, it is concluded that the zeolites with the stronger acidity favor the formation of 
hydrocarbons with longer chains whereas the production of ethylene is promoted by the 
zeolite with the weakest acidity. According to the mechanism of propylene formation from 
ethanol, which is discussed in Section 2.5 in this review, intermediate ethylene catalyzed 
by the acid site on the zeolite surface transforms to C3+ hydrocarbons (propylene included) 
by oligomerization-cracking reactions [17]. Since increasing both number and strength of 
acid sites can enhance oligomerization procedure [107, 108], it follows that a zeolite with 
Si/Al2 ratio of 30 and possessing the highest acidity produces the longest chain 
hydrocarbons and the least light olefins. Therefore, we argue that zeolite with a moderate 
surface acidity is preferable for the production of propylene from ethanol. 
One of the main obstacles in utilization of zeolites in the conversion of bioethanol 
to polypropylene is related to an intense deactivation of strong acid sites, which results 
from fast coke formation. This problem is attributed to the limited diffusion of 
reactants/products within narrow micropores in the zeolite framework [59, 109-111]. 
Reducing the size of HZSM-5 crystals and introducing larger pores (mesopores) into 
zeolite structure are the two possible routes to enhance the mass transfer rate and the degree 
of accessibility of catalytic sites [112]. Recently Ramasamy et al. [113] compared the 
catalytic performance of hierarchical and conventional HZSM-5 zeolites with similar 
Si/Al2 ratios in the ethanol conversion using a fixed-bed reactor at 633 K, 300 psig, and a 
weight hourly space velocity (WHSV) of 7.9 h-1. The authors demonstrated that the 
catalytic lifetime of the hierarchical HZSM-5 is approximately 2 and 5 folds larger than 




Furthermore, the role of zeolite crystal size in the conversion of ethanol to 
propylene over various HZSM-5 zeolites with similar Si/Al2 ratios at various contact times 
was studied by Takamitsu and coworkers [114]. The authors focused on the nano- and 
micro-sized HZSM-5 crystals and on the basis of their findings, they suggested that catalyst 
deactivation can be significantly suppressed by reducing crystal size from micro to nano 
size, but at the expense of lower propylene selectivity. The large external surface area of 
the nano-sized HZSM-5 crystals catalyzed undesired reactions thus reducing selectivity 
towards propylene. They also modified the surface of obtained crystals with pure silica and 
showed that the selectivity to propylene is improved without compromising the catalyst 
stability. These results clearly illustrate that the selectivity is a function of acid site density. 
Therefore, reduction in the number of acid sites on the external surface and enhancement 
in crystal size are the two key design parameters to enhance propylene selectivity and 
catalytic activity, respectively. Available experimental data illustrating the effects of 
chemical composition, BET surface area, and crystal size of various calcined HZSM-5 
catalysts on ethanol conversion and propylene selectivity are presented in Table 1. 
 
2.2.  EFFECT OF POST-TREATMENT MODIFICATION OF HZSM-5 ZEOLITE  
WITH METAL PROMOTERS ON ETP REACTION 
Various metals can be introduced into the catalyst formulation as promoters to 
promote the catalytic activity and minimize coking of the catalyst in ethanol dehydration 
reaction [115, 116]. However, the role of these promoters has not been properly explained. 
Investigations by several authors show a strong influence of the chemical nature and the 




Table 1. Effect of different HZSM-5 catalysts on ETP reaction at 773 K (823 K for Ref. 












52 358 0.5-1.5 0.0025 100 27 [60] 
52 358 0.5-1.5 0.0125 100 14 [60] 
52 358 0.5-1.5 0.02 100 11 [60] 
52 358 0.5-1.5 0.03 100 9 [60] 
52 358 0.5-1.5 0.04 100 7 [60] 
74 377 0.5-2.5 0.0025 100 24 [60] 
74 377 0.5-2.5 0.0125 100 18 [60] 
74 377 0.5-2.5 0.02 100 14 [60] 
74 377 0.5-2.5 0.03 100 10 [60] 
74 377 0.5-2.5 0.04 100 8 [60] 
184 357 4.5-6.0 0.0025 100 3 [60] 
184 357 4.5-6.0 0.0125 100 19 [60] 
184 357 4.5-6.0 0.02 100 20 [60] 
184 357 4.5-6.0 0.03 100 21 [60] 
184 357 4.5-6.0 0.04 100 18 [60] 
30 - - 0.010 100 23 [57] 
80 - - 0.010 100 6 [57] 
80 425 - 0.010 100 24 [71] 
47 363 0.1-0.2 0.0025 100 25 [63] 
52 358 1.0-2.0 0.0025 100 27 [63] 
52 358 1.0-2.0 0.01 100 15 [63] 
52 358 1.0-2.0 0.02 100 12 [63] 
52 358 1.0-2.0 0.03 100 10 [63] 
52 358 1.0-2.0 0.04 100 8 [63] 
76 377 2.0-5.0 0.0025 100 26 [63] 
76 377 2.0-5.0 0.005 100 26 [63] 
76 377 2.0-5.0 0.01 100 24 [63] 
76 377 2.0-5.0 0.02 100 24 [63] 
76 377 2.0-5.0 0.03 100 19 [63] 
76 377 2.0-5.0 0.04 100 15 [63] 
107 365 3.0-4.0 0.0025 100 10 [63] 
146 361 3.0-4.0 0.0025 100 3 [63] 
184 357 4.0-6.0 0.0025 100 2 [63] 
184 357 4.0-6.0 0.01 100 18 [63] 
184 357 4.0-6.0 0.02 100 20 [63] 
184 357 4.0-6.0 0.03 100 21 [63] 
184 357 4.0-6.0 0.04 100 18 [63] 
 
 
67, 93, 117-119]. HZSM-5 can be modified by adding protons and extra-framework metal 




earth metal, or transition metal cations. The most common methods for promoting the 
zeolite catalysts are ion-exchange and impregnation techniques [120]. HZSM-5 can also 
be modified with alumina-substituting heteroatoms, such as B, Ga, and Fe, introduced into 
the framework of HZSM-5, which is known as isomorphously substituted HZSM-5 [121, 
122]. Available experimental data showing element-doped HZSM-5 and isomorphously 
framework-substituted HZSM-5 of different contents with various BET surface areas and 
crystal sizes are summarized in Table 2 and Table 3 for ethanol conversion reaction and 
the corresponding propylene selectivity under different reaction conditions. From the 
results reported in Tables 2 and 3, it can be seen that the yield of propylene is not only 
strongly affected by the doped elements (e.g. P, Mg, Sr, Ba), but also by alumina-
substituting heteroatoms (e.g. Ga, Fe). It is proven that the Brønsted acidity varies with the 
type of atom substitution with increasing undermentioned order: HZSM-5(B), HZSM-
5(Ga), HZSM-5(Al) [123]. 
Song et al. [62] modified HZSM-5 with various metals by either ion-exchange or 
impregnation method and studied the effect of these metals on the products distribution. 
The products distribution shown in Fig. 4 reveals that the sequence of propylene yield is 
inversely related to the acidity of the modified zeolite. HZSM-5 modified with zirconium, 
which has a moderate surface acidity according to NH3-TPD characterization, was proven 
to be the most effective catalyst among all examined. In another study, Goto et al. [63] 
doped HZSM-5 with alkaline earth metals (Mg, Ca, Sr and Ba) under various synthesis 
conditions and evaluated the catalysts for ethanol to propylene reaction. They observed 
that both propylene yield and catalytic stability are strongly dependent on the ratio of 




Table 2. Effect of the promoter of HZSM-5 on ethanol conversion and propylene 
selectivity at Pethanol = 50 MPa. W/F: contact time, T: reaction temperature, Xethanol: 





















30 P/Al=0.5 - - 823 0.010 100 26 [57] 
30 P/Al=0.7 - - 823 0.010 100 14 [57] 
80 P/Al=0.25 - - 823 0.010 100 26 [57] 
80 P/Al=0.5 - - 673 0.010 100 20 [57] 
80 P/Al=0.5 - - 723 0.010 100 22 [57] 
80 P/Al=0.5 - - 773 0.010 100 29 [57] 
80 P/Al=0.5 - - 823 0.0025 100 13 [57] 
80 P/Al=0.5 -  823 0.005 100 24 [57] 
80 P/Al=0.5 - - 823 0.010 100 32 [57] 
80 P/Al=0.5 - - 823 0.01875 100 31 [57] 
80 P/Al=0.5 - - 873 0.010 100 29 [57] 
80 P/Al=0.7 - - 823 0.010 100 28 [57] 
80 P/Al=1.0 - - 823 0.010 100 24 [57] 
80 P/Al=0.1 - 750-1180 823 0.010 100 27 [71] 
80 P/Al=0.2 - 750-1180 823 0.010 100 28 [71] 
80 P/Al=0.3 - 750-1180 823 0.010 100 30 [71] 
80 P/Al=0.35 - 750-1180 823 0.010 100 31 [71] 
80 P/Al=0.4 - 750-1180 823 0.010 100 29 [71] 
80 P/Al=0.45 - 750-1180 823 0.010 100 30 [71] 
80 P/Al=0.5 - 750-1180 823 0.010 100 31 [71] 
80 P/Al=0.6 - 750-1180 823 0.010 100 28 [71] 
80 P/Al=0.7 - 750-1180 823 0.010 100 25 [71] 





































































Table 3. Effect of different isomorphously framework-substituted HZSM-5 catalysts on ETP reaction at 773 K and Pethanol = 60 MPa. 












(%) Spropylene (%) Ref. 
Si/Ga2=50 - 384 0.1-0.2 0.0025 100 4 [60] 
Si/Ga2=50 - 384 0.1-0.2 0.0125 100 13 [60] 
Si/Ga2=50 - 384 0.1-0.2 0.02 100 15 [60] 
Si/Ga2=50 - 384 0.1-0.2 0.03 100 16 [60] 
Si/Ga2=50 - 384 0.1-0.2 0.04 100 13 [60] 
Si/Ga2=70 - 389 0.1-0.3 0.0025 100 2 [60] 
Si/Ga2=70 - 389 0.1-0.3 0.0125 100 16 [60] 
Si/Ga2=70 - 389 0.1-0.3 0.02 100 20 [60] 
Si/Ga2=70 - 389 0.1-0.3 0.03 100 25 [60] 
Si/Ga2=70 P/Ga=0.2 - - 0.03 100 27 [60] 
Si/Ga2=70 P/Ga=0.3 - - 0.03 100 28 [60] 
Si/Ga2=70 P/Ga=0.4 - - 0.03 100 27 [60] 
Si/Ga2=70 P/Ga=0.5 - - 0.03 100 26 [60] 
Si/Ga2=70 P/Ga=0.6 - - 0.03 100 25 [60] 
Si/Ga2=70 P/Ga=0.7 - - 0.03 100 24 [60] 
Si/Ga2=70 - 389 0.1-0.3 0.04 100 24 [60] 
Si/Ga2=92 - 393 0.2-0.3 0.0025 100 1 [60] 
Si/Ga2=92 - 393 0.2-0.3 0.0125 100 10 [60] 
Si/Ga2=92 - 393 0.2-0.3 0.02 100 14 [60] 
Si/Ga2=92 - 393 0.2-0.3 0.03 100 21 [60] 
Si/Ga2=92 - 393 0.2-0.3 0.04 100 24 [60] 
Si/Ga2=146 - 395 0.3-0.6 0.0025 100 0 [60] 
Si/Ga2=146 - 395 0.3-0.6 0.0125 100 5 [60] 
Si/Ga2=146 - 395 0.3-0.6 0.02 100 7 [60] 
Si/Ga2=146 - 395 0.3-0.6 0.03 100 11 [60] 
Si/Ga2=146 - 395 0.3-0.6 0.04 100 17 [60] 
Si/Ga2=202 - 406 0.75-1.0 0.0025 100 0 [60] 
Si/Ga2=202 - 406 0.75-1.0 0.0125 100 2 [60] 33 
  
 
Table 3. Effect of different isomorphously framework-substituted HZSM-5 catalysts on ETP reaction at 773 K and Pethanol = 60 MPa. 












(%) Spropylene (%) Ref. 
Si/Ga2=202 - 406 0.75-1.0 0.02 100 5 [60] 
Si/Ga2=202 - 406 0.75-1.0 0.03 100 7 [60] 
Si/Ga2=202 - 406 0.75-1.0 0.04 100 11 [60] 
Si/Fe2=78 - 391 0.1-0.3 0.0025 100 1 [60] 
Si/Fe2=78 - 391 0.1-0.3 0.0125 100 2 [60] 
Si/Fe2=78 - 391 0.1-0.3 0.02 100 2 [60] 
Si/Fe2=78 - 391 0.1-0.3 0.03 100 3 [60] 
Si/Fe2=78 - 391 0.1-0.3 0.04 100 3 [60] 
Si/Fe2=191 - 391 0.75-1.0 0.0025 100 0 [60] 
Si/Fe2=191 - 391 0.75-1.0 0.0125 100 1 [60] 
Si/Fe2=191 - 391 0.75-1.0 0.02 100 2 [60] 
Si/Fe2=191 - 391 0.75-1.0 0.03 100 2 [60] 
Si/Fe2=191 - 391 0.75-1.0 0.04 100 2 [60] 
Si/Ga2=70 - 389 700-1400 0.02 100 25 [119] 
Si/Ga2=70 P/Ga=0.2 
 
351 700-1400 0.02 100 27 [119] 
Si/Ga2=70 P/Ga=0.2 
 
377 700-1400 0.02 100 24 [119] 
 La/Ga=0.05       
Si/Ga2=70 P/Ga=0.2 
 
357 700-1400 0.02 100 23 [119] 
 La/Ga=0.10       
Si/Ga2=70 P/Ga=0.2 
 
357  0.02 100 23 [119] 
 La/Ga=0.15       
Si/Ga2=70 P/Ga=1.0 340 700-1400 0.02 100 5 [119] 
Si/Ga2=70 P/Ga=1.0 
 
331 700-1400 0.02 100 23 [119] 
 La/Ga=0.20       
Si/Ga2=70 P/Ga=1.0 
 
336 700-1400 0.02 100 26 [119] 
 La/Ga=0.30       
Si/Ga2=70 P/Ga=1.0 
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Table 3. Effect of different isomorphously framework-substituted HZSM-5 catalysts on ETP reaction at 773 K and Pethanol = 60 MPa. 












(%) Spropylene (%) Ref. 
 La/Ga=0.40 
 
      
Si/Ga2=70 P/Ga=1.0 
 
327 700-1400 0.02 100 27 [119] 
 La/Ga=0.50 
 
      
Si/Ga2=70 P/Ga=1.0 
 
338 700-1400 0.02 100 22 [119] 
 La/Ga=0.70 
 
      





propylene yield in this study (ca. 32%) was obtained over Sr/HZSM-5 catalyst with a Si/Al2 
ratio of 184 and a Sr/Al ratio of 0.1 at 773 K and W/F value of 0.03 gcat/mL/min. The 
modification with strontium enhanced the performance of the HZSM-5 zeolite by reducing 
the concentration of Brønsted acid sites as well as by other possible presumed means such 
as pore blockage by strontium cations located at the intersections of straight and sinusoidal 
channels. In another study, Ni-doped HZSM-5 was synthesized through impregnation and 
evaluated by Gayubo and coworkers [124]. The authors demonstrated that Ni-doped 
catalysts maintain high bioethanol conversion and selectivity to propylene and butylene 




Figure 4. Product distribution for the modified ZSM-5(80). (a) ion-exchange method; (b) 
impregnation method. Reaction conditions: catalyst, 0.2 g; 0.1 MPa; 723 K; total flow 





Another interesting aspect observed by Song and co-workers [57] is the effect of 
phosphorus on HZSM-5 catalytic performance. The phosphorous-doped HZSM-5 was 
synthesized by an impregnation method and compared with the unmodified zeolite in 
packed-bed conversion of ethanol to propylene. As shown in Fig. 5, a higher propylene 
selectivity was observed on P-doped zeolite (noted as PZ in Fig. 5) and authors related this 
enhanced selectivity to moderate surface acidity tuned with optimal content of phosphorous. 
Furthermore, the P-doped HZSM-5 catalyst exhibited the stable performance in ethanol 
conversion reaction, owing to the suppression of coke formation caused by the decrease in 
acidity in the presence of phosphorus. The dealumination contributing to hydrothermal 





















































Figure 5. Initial product distribution over HZSM-5 at 823 K. Reaction conditions: 0.3 g 
catalyst; 0.1 MPa pressure; total flow rate 30 mL min-1, Pethanol= 50 kPa; time-on-





In a similar investigation by Takahashi et al. [71], several phosphorous-modified 
HZSM-5 zeolites with Si/Al2 ratio of 80 and various P/Al molar ratios ranging from 0.1 to 
1.0 were studied. The highest yield of propylene was obtained at P/Al ratio of 0.5 and it 
was hypothesized that the amount of phosphorous affects the activity of HZSM-5 catalyst 
by influencing the surface acidity. NH3-TPD experiments indicated that at P/Al ratio of 
<0.5, the acidity of the active sites slightly decreased with increasing P/Al ratio and the 
number of acidic sites was dramatically reduced at P/Al ratio of >0.5. The C3H6 yield 
versus time-on-stream is shown in Fig. 6 for both unmodified and promoted catalysts. As 
can be clearly seen, the P/HZSM-5 catalyst gave rise to higher propylene yield than the 
unmodified HZSM-5. The catalyst was also more stable with increasing phosphorous 
loading (Fig. 6).  
 
 


















Time on stream/h  
Figure 6. Time course of propylene yield for ethanol conversion over HZSM-5 and 
P/HZSM-5 zeolites at P/Al = 0.5. Temperature = 823 K; ethanol 





Furumoto et al. [60] synthesized the alumina-substituted HZSM-5 including 
HZSM-5(Al), HZSM-5(Ga), HZSM-5(Fe), and investigated the catalytic activity of these 
isomorphously framework-substituted HZSM-5 in ethanol conversion reaction. It was 
observed that HZSM-5(Al) and HZSM-5(Ga) exhibit high propylene yield with 
considerably enhanced catalytic stability while HZSM-5(Fe) produced mainly ethylene. 
The authors suggested that the introduction of Al, Ga and Fe changed the acidity of 
catalysts, and hence the product selectivity. They also doped HZSM-5(Ga) with 
phosphorous and observed a good catalytic activity and stability because of the suppression 
of both carbonaceous deposition and release of gallium from the zeolite framework. 
Interestingly, in another work [119], lanthanum and phosphorous co-modified HZSM-
5(Ga) was shown to enhance catalytic activity and stability even more in comparison to 
both native HZSM-5(Ga) and single-modified P/HZSM-5(Ga). 
 
2.3.  EFFECT OF A SECOND METAL PROMOTER ON HZSM-5 
 PERFORMANCE IN ETP REACTION 
Modifying zeolites with various promoters can dramatically change the acidity 
(acid strength and of acid sites density) and hence the selectivity toward the desired product. 
The addition of a second metal promoter with an optimum amount may provide a more 
diverse control of the surface acidity. Significant amount of research has been directed 
toward this area to search the optimum match for high catalytic performance. It is believed 
that the synergy between the two (or more) metals can favorably increase the bioethanol 
conversion and the yield of propylene. 
Murata et al. [125] added lanthanum (La), phosphorous (P), and boron (B) to 




addition of 1.0 wt.% of La as the second promoter, the optimum propylene selectivity of 
32.1% was achieved at 573 K. While P showed a similar behavior, the addition of B 
increased ethylene selectivity and decreased that of propylene at 623 K. It was also found 
that the promotion of W/HZSM-5 catalyst with magnesium (Mg) may lead to predominant 
formation of acetaldehyde. Similar investigations were conducted by Inoue et al. [65, 67, 
126] using La-Mg, Fe-P, and P-Zr co-modified HZSM-5. On the basis of their findings, it 
was suggested that HZSM-5 modified with well-matched promoters can significantly 
enhance the performances of catalysts. 
Furumoto et al. [119] reported that both lanthanum and phosphorous elements are 
capable of improving both activity and stability of HZSM-5(Ga) catalyst. It was found that 
the La/Ga ratio is an important parameter influencing the propylene yield from ethanol 
conversion. In the case of La/Ga ratio of <1, the propylene yield decreased with increasing 
La/Ga ratio because the introduced lanthanum interacted with the surface P-OH groups to 
release some bridging OH groups and regenerated Brønsted acid sites. The authors also 
evaluated HZSM-5 catalyst with La/Ga ratio of >1 using FT-IR, 31P MAS NMR, and 71Ga 
MAS NMR measurements. They showed that the introduced lanthanum ions interact only 
with the pre-introduced phosphorous and consequently induce a homogeneously 
distributed Brønsted acid sites within the zeolite framework, which favor the formation of 
olefins rather than aromatics and paraffins products. Compared with HZSM-5 and 
P/HZSM-5, the promoted La/P/HZSM-5 exhibited better performance in terms of stability 
and durability since the doped-La suppressed the undesired carbonaceous deposition and 





2.4.  EFFECT OF REACTION CONDITIONS ON ETP REACTION 
The influence of different reaction parameters such as temperature, pressure, 
weight-hourly space velocity (WHSV) and co-feeding water on the bioethanol conversion 
and propylene selectivity is not intensive but exists. Fig. 7 illustrates the products 
distribution achieved using a continuous flow reactor at different reaction temperatures. 
Song and coworkers [62] found that a moderate temperature and a short contact time are 
favorable for the production of propylene. Before reaching a maximum value of ca. 31%, 
the yield of propylene initially increased with temperature, however, due to the formation 
of longer chain hydrocarbons, the yield dropped thereafter to 27%, as shown in Fig. 7. A 
similar trend was observed by Inoue et al. [61] on La-doped HZSM-5 with Si/Al2 ratio of 
280 under various reaction temperatures. 
 
 
























Figure 7. Effect of reaction temperature on the yield of products over HZSM-5 (80): (■) 
C2H4, (●) C3H6, (▲) C4, (▼) C5+ aliphatics and aromatics. Reaction conditions: catalyst, 
0.2 g; 0.1 MPa; total flow rate 25 mL min-1, Pethanol = 20 kPa; Time-on-stream, 30 min. 




The yield of propylene is also highly dependent on the contact time (WHSV). 
Broadly speaking, high reaction temperature and long contact time (i.e. lower WHSV) 
promote the undesired oligomerization reaction to form longer chain hydrocarbons while 
favoring coke formation at the same time [17]. At reaction temperatures ranging from 773 
K to 825 K, shorter contact times (i.e. higher WHSV) generate mainly ethylene while 
longer contact times favor the formation of longer chain hydrocarbons, regardless of 
whether the catalyst is modified or not [10, 57, 63, 127]. 
The role of co-feeding water is well documented in the conversion of methanol over 
HZSM-5 catalyst. Although water is present in the aqueous ethanol and is also formed 
during dehydration reaction of ethanol, limited attention has been paid to investigate its 
effect on the ethanol conversion process. Oudejans et al. [128] reported that catalytic 
conversion of ethanol over HZSM-5 in the presence of water is dependent upon reaction 
variables. For example, above 535 K, aromatics make up 50 wt.% of the product while at 
lower temperatures, dehydration and oligomerization reactions predominate. A low space 
velocity contributes to the high selectivity for aromatics whereas at high space velocity, 
dehydration becomes significant. Lehmann and Seidel-Morgenstern [129] showed that the 
optimal propylene yield of 42% can be obtained at 1 bar and 873 K. On the basis of their 
results the authors suggested that the mass fraction of water does not sensitively affect the 
optimal equilibrium yields of propylene, ranging from 42%-44%. Furthermore, the 
introduction of water into reactant ethanol was shown to have a positive impact on the 
formation of propylene due mainly to the modification of surface acidity and mitigation of 
oligomerization and cracking. Water present in reactant was also found to favor the process 




steam attenuates the rate of ethanol conversion to olefins and favors the reaction by 
reducing the coke formation in the conversion of ethanol. However, dealumination and 
deconstruction of microporous structures leading to irreversible catalyst deactivation 
occurred in the presence of high content of water at high temperatures [132, 133]. 
 
2.5.  REACTION MECHANISM AND PROPYLENE SELECTIVITY ON 
 HZSM-5 CATALYST 
Reaction pathways for ETP reaction over HZSM-5 has been proposed and it is 
believed that formation of propylene is via ethylene intermediate, which is similar to 
methanol to gasolines. [10, 62, 134, 135]. According to Takahashi et al. [10], ethylene 
produced from ethanol by intramolecular dehydration is converted to propylene in the next 
step. As shown in Scheme 1, the proposed reaction mechanism includes ethanol 
dehydration and ethylene oligomerization, followed by aromatization and cracking of the 
resulting olefin fragments. Since higher acid strength of HZSM-5 zeolite leads to an 
enhanced formation of stable π-complex, the double bond within ethylene tends to crack 
to produce carbene species. Acting as the transient intermediate, the carbene species reacts 
with ethylene and produces propylene. In another pathway, two ethylene molecules could 
collide and produce butylene as illustrated in Scheme 1. The first stage of ethanol 
dehydration proceeds at a high rate on the outer surface of the zeolite and is virtually 
independent of the catalyst’s selectivity. Subsequent oligomerization of ethylene, 
propylene and butylene contributes to the formation of paraffins and higher hydrocarbons. 
Olefins can be activated on the acid sites and in fact, the selectivity toward propylene 
depends primarily on distribution of acidic sites over the zeolite surface. The channel 




from ethanol and other alcohols. Therefore, transitioning to other zeolites with different 
porous structures leads to a dramatic change in the propylene yield. In the same literature, 
Takahashi et al. [10] also proposed that the mechanism of propylene production from 
methanol is generally agreed to be different. In this reaction, dimethyl ether is formed as 
an intermediate and as a precursor of ethanol. Most importantly, the reaction pathways vary 
with Si/Al2 ratio for methanol conversion whereas the ethanol conversion mechanism is 
independent of the Si/Al2 ratio. The HZSM-5 zeolite with a low Si/Al2 ratio is suitable to 
produce more intermediate ethylene from bioethanol [94, 136]. Meanwhile, as a 
contributing part of acid density, the number of Brønsted acid site is significant for the 
conversion of ethylene to higher hydrocarbons [137, 138]. Therefore, to obtain selective 
catalysts for ETP conversion, manipulating a moderate acidity and a proper structure of the 






















3. ETHANOL TO PROPYLENE OVER TRANSITION METAL CATALYSTS 
In addition to zeolites, transition metal oxides and supported metal oxide catalysts 
have been widely investigated for dehydration of ethanol into ethylene, propylene, 
butadiene and other hydrocarbons. The dehydrogenation of ethanol toward acetaldehyde 
and acetals or higher alcohols depends primarily on the balance between catalyst acidic 
and basic properties [139-143]. Transition metals and their compounds constitute the 
largest family of catalysts in heterogeneous catalysis because of their ability to either 
change oxidation state (redox property) or adsorb other substances onto their surface and 
activate them in the process (acid-base property) [144, 145]. Catalyst supports are usually 
used to enhance the activity of the transition metals by either increasing surface area or 
providing another type of active site to form a multifunctional heterogeneous catalyst to 
facilitate reactions with complex mechanisms. The conversion of ethanol to propylene over 
mixed metal oxide catalysts and reaction mechanism have been recently reviewed by 
Iwamoto [51]. The scope of this section is to provide an overview of the state-of-the-art in 
transition metal catalysts for ethanol conversion reaction and to introduce the recent 
advances in the fundamental understanding of the ethanol to propylene on mixed metal 
oxide catalysts. 
Despite extensive research efforts that have been recently focused on improving the 
ethanol conversion to propylene reaction over zeolites, propylene selectivity is still low 
(20−30%) [63, 84, 132]. As an alternative class of materials, metal oxides have been shown 
to achieve a better propylene selectivity in comparison to their zeolite counterparts. 
Iwamoto et al. [90] reported that the scandium-modified indium oxide catalyst is highly 




Such a high selectivity toward propylene was attributed to a different reaction pathway 
from that on zeolites, namely, ethanol dehydrogenation to acetaldehyde, followed by 
condensation/ketonization of acetaldehyde to acetone. The acetone is then hydrogenated 
and dehydrated to form propylene in the next step. Furthermore, the authors examined 
various metal promoters and demonstrated that the addition of Sc, Zr, V, Cr, Mo, Co, Ni, 
and Cu increased propylene production while Li, K, Ca, Ba, Y, La, Ce, Ti, Fe, Al, Sn, and 
Sb increased the acetone yield. The addition of Er, Nb, W, Mn, Pd, Zn, Ga, and Bi was 
shown to have no impact on propylene or acetone production. Acid-base properties, ionic 
radii of metal ions, crystal structures of mixed oxides, and changes in the redox behavior 
of In2O3 were all investigated as possible causes for the observed changes, but no 
satisfactory and definite explanation could be obtained. In another study [84, 85], the 
catalytic stability of In2O3 was evaluated and it was found that the addition of scandium 
prevented the reduction of In2O3 catalysts, while water vapor decreased coke formation. 
Indeed, both scandium and co-feeding water increased the lifetime of the catalysts. 
Motivated by the fact that ceria (CeO2) is an active catalyst for conversion of 1-
propanol to 3-pentanone over Fe2O3-CeO2 mixed oxide, Hayashi and Iwamoto [87] 
modified ceria with a number of metal titrates or acetates and examined the obtained doped 
catalysts in ETP reaction. As shown in Fig. 8, the experimental results for ethanol to 
propylene indicated that doping of ceria with Y, Sm, Ti, Nb or Ta increases the propylene 
yield and significantly decreases the amount of acetone formed. However, Fe, Co, In or Sn 
doped-ceria reduced the propylene yield due mainly to increased acetone formation. At 
673 K, the highest catalytic activity can be achieved on the Nb doped-CeO2 catalyst, which 




respectively. On the other hand, Y doped-CeO2 catalyst was found to be very stable with 
slightly lower yield to propylene (i.e. 19%). 
In addition, it was shown that both propylene and ethylene yields are enhanced with 
increasing Y loading. CeO2 with 20 wt.% of Y loading gave rise to 25% propylene yield 
































Figure 8. Change in the catalytic activity of ceria with the addition of 20 (Fe) or 10 
atom % (metals other than Fe). The right and left bars show the product yields at 0.75 and 
3 h, respectively. Reaction conditions: catalyst weight, 2.0 g; total flow rate 12.8 mL/min, 






was 0.02 mgcarbon∙gcat-1h-1 which was 1% of used catalyst. It was demonstrated that the 
catalyst activity in ETP reaction increases in the order: Sc doped-In2O3 > Y doped-CeO2 > 
Ni-M41, while their stability during the reaction was in the order: Y doped-CeO2 > Sc 
doped-In2O3 > Ni doped- MCM-41.  
Water is another important parameter that influences ethanol conversion 
(bioethanol contains 5-10% water), propylene selectivity and catalyst lifetime. In the same 
work, it was investigated the role of co-feeding water and showed that the co-feeding water 
increases the yield of propylene and at the same time decreases the yield of ethylene. 
Moreover, the stability of the catalyst activity was maintained in the presence of water. In 
another study, Iwamoto et al. [90] found that the introduction of water could greatly 
improve the yield of propylene over Sc/In2O3. The addition of 10 vol.% water led to 
significant improvement, but the effect was marginal above 10 vol.%. Compared with over 
zeolites, where addition of water causes dealumination and deactivation of catalyst [57], 
the introduction of co-feeding water over CeO2 favors the reaction by increasing the 
catalyst stability. Despite some evidence showing the positive influence of water, there is 
still much work to be done in this area and a greater understanding of fundamental water-
reactant interactions may represent major advancement in ETP reaction. 
The proposed reaction mechanism for ETP is greatly dependent on the type of 
catalyst employed. It is widely accepted that the reaction proceed on various transition 
metal catalysts may be different than those on zeolites due to chemical nature of transition 
metals, the state of the metals, and the function the metals have in the catalyst. Two main 
reaction mechanisms have been proposed for ETP over different metal oxides [51]. The 




coworkers [13] and two pathways were proposed for production of propylene: Pathway 1 
by which diethyl ether (DEE) is formed from ethanol dehydration (Eq.1) and ethylene is 




Scheme 2. Mechanisms of ethanol conversion to propylene over Ni ion-loaded silica 
 MCM-41. From Ref. [13] 
 
 
is then converted to propylene through a series of reactions such as dimerization (Eq.3), 
isomerization (Eq.4), and methylation (Eq.5). According to Pathway 2, ethylene is 
converted from acetaldehyde, according to Eq.8. A trace amount of ethyl acetate was 
observed through combination of Eq.8 and Eq.9. The sequence of Eq.6-10 would result in 
the formation of ethylene from acetaldehyde through ethyl acetate and acetic acid as the 
intermediates. On the basis of their results, the authors concluded that ETP reaction 






















is dehydrogenated to acetaldehyde (Eq.6), and the resulting acetaldehyde is dimerized to 
give ethyl acetate (Eq.7). Ethyl acetate is then decomposed to give ethylene and acetic acid 
(Eq.8), the latter of which yields acetone and CO2 through the ketonization reaction. 
Studied by Iwamoto et al. [11], the mechanism of ETP over Sc doped-In2O3 is 
through a series of reactions: ethanol → acetaldehyde → acetone (and CO2) → propylene 














ethanol are presented in Eq.11 and Eq.12 (overall: Eq.16) on oxide catalysts [90, 146, 147]. 
Propylene can be formed from acetone through hydrogenation and subsequent dehydration, 
as described by Eq.13. The comprehensive reaction for the propylene formation is thus 
Eq.14. Activity and selectivity of existing metal oxide catalysts modified with various 
metals for ethanol conversion towards propylene under different conditions are displayed 





Table 4. Various metal oxide catalysts for ETP reaction W/F=0.15625g/(mL/min), 
Pethanol= 30 Mpa W/F: catalyst weight/feed flow rate, T: reaction temperature, Xethanol: 











(K) XEthanol (%) Spropylene (%) Ref. 
CeO2 / 50-59 - 693 100 12.3 [87] 
CeO2 Li(10) 50-59 - 723 85 1.5 [87] 
CeO2 Mg(10) 50-59 - 723 100 12.5 [87] 
CeO2 Ca(10) 50-59 - 723 100 9.4 [87] 
CeO2 Sc(10) 50-59 - 723 100 9.4 [87] 
CeO2 Y(10) 50-59 - 698 100 16.0 [87] 
CeO2 Y(10) 50-59 - 723 100 18.8 [87] 
CeO2 Y(20) 50-59 - 693 100 24.8 [87] 
CeO2 Y(20) 50-59 - 703 100 25.0 [87] 
CeO2 Y(30) 50-59 - 698 100 19.8 [87] 
CeO2 La(10) 50-59 - 723 100 11.2 [87] 
CeO2 Sm(10) 50-59 - 698 100 16.3 [87] 
CeO2 Er(10) 50-59 - 723 99.7 9.7 [87] 
CeO2 Ti(10) 50-59 - 673 100 27.3 [87] 
CeO2 Zr(20) 50-59 - 673 100 19.0 [87] 
CeO2 V(10) 50-59 - 723 100 9.1 [87] 
CeO2 Nb(10) 50-59 - 673 99.9 31.9 [87] 
CeO2 Ta(10) 50-59 - 698 100 25.5 [87] 
CeO2 Fe(10) 50-59 - 673 100 2.7 [87] 
CeO2 Cr(10) 50-59 - 723 100 4.3 [87] 
CeO2 Mo(10) 50-59 - 723 97.9 6.9 [87] 
CeO2 W(10) 50-59 - 723 100 8.6 [87] 
CeO2 Mn(10) 50-59 - 723 100 5.4 [87] 
CeO2 Re(1) 50-59 - 723 100 4.8 [87] 
CeO2 Rh(1) 50-59 - 673 100 2.0 [87] 
CeO2 Ir(1) 50-59 - 723 99.9 3.3 [87] 
CeO2 Co(10) 50-59 - 673 100 1.8 [87] 
CeO2 Ni(10) 50-59 - 673 98.5 1.8 [87] 
CeO2 Cu(10) 50-59 - 673 95.9 1.3 [87] 
CeO2 Al(10) 50-59 - 673 92.3 5.9 [87] 
CeO2 In(10) 50-59 - 723 100 5.3 [87] 
CeO2 Si(10) 50-59 - 723 98.6 14.7 [87] 
CeO2 Sn(10) 50-59 - 673 99.9 1.1 [87] 
CeO2 Zn(10) 50-59 - 673 98.2 1.7 [87] 
CeO2 Cd(10) 50-59 - 698 99.8 5.6 [87] 
CeO2 Bi(10) 50-59 - 673 82.3 2.2 [87] 
Y2O3 - 50-59 - 723 79.3 9.2 [87] 
In2O3 - - 300-600 623 100 0.4 [89] 
In2O3 - - 300-600 673 100 6.3 [89] 
In2O3 - - 300-600 723 100 34.1 [89] 
In2O3 - - 300-600 773 100 23.5 [89] 
In2O3 - - 300-600 823 100 7.5 [89] 
In2O3 Li(10) - 300-600 773 100 0.8 [89] 
In2O3 K(10) - 300-600 773 100 7.6 [89] 




Table 4. Various metal oxide catalysts for ETP reaction W/F=0.15625g/(mL/min), 
Pethanol= 30 Mpa W/F: catalyst weight/feed flow rate, T: reaction temperature, Xethanol: 











(K) XEthanol (%) Spropylene (%) Ref. 
In2O3 Ba(10) - 300-600 773 100 3.2 [89] 
In2O3 Sc(1) - 300-600 773 100 35.3 [89] 
In2O3 Sc(3) - 300-600 773 100 34.0 [89] 
In2O3 Sc(10) - 300-600 773 100 33.8 [89] 
In2O3 Sc(20) - 300-600 773 100 16.0 [89] 
In2O3 Y(10) - 300-600 773 100 2.5 [89] 
In2O3 La(10) - 300-600 773 100 2.4 [89] 
In2O3 Ce(10) - 300-600 773 100 7.6 [89] 
In2O3 Er(10) - 300-600 773 100 3.3 [89] 
In2O3 Ti(10) - 300-600 773 100 7.9 [89] 
In2O3 Zr(10) - 300-600 773 100 28.6 [89] 
In2O3 V(10) - 300-600 773 100 26.3 [89] 
In2O3 Nb(10) - 300-600 773 100 16.9 [89] 
In2O3 Cr(10) - 300-600 773 100 28.0 [89] 
In2O3 Mo(10) - 300-600 773 100 34.2 [89] 
In2O3 W(10) - 300-600 773 100 2.6 [89] 
In2O3 Mn(10) - 300-600 773 100 4.8 [89] 
In2O3 Fe(10) - 300-600 773 100 5.2 [89] 
In2O3 Co(10) - 300-600 773 100 27.6 [89] 
In2O3 Ni(10) - 300-600 773 100 37.2 [89] 
In2O3 Pd(10) - 300-600 773 100 16.8 [89] 
In2O3 Cu(10) - 300-600 773 100 28.5 [89] 
In2O3 Zn(10) - 300-600 773 100 18.3 [89] 
In2O3 Al(10) - 300-600 773 100 8.4 [89] 
In2O3 Ga(10) - 300-600 773 100 12.7 [89] 
In2O3 Sn(10) - 300-600 773 100 4.1 [89] 
In2O3 Sb(10) - 300-600 773 100 5.1 [89] 
In2O3 Bi(10) - 300-600 773 100 3.2 [89] 
 
 
4. CATALYTIC CONVERSION OF BIOETHANOL TO ETHYLENE ON 
VARIOUS ZEOLITES 
Ethylene is the main olefin in the bioethanol conversion which has been studied 
more than propylene by researchers [148-150]. The conversion of ethylene into propylene 




using raw materials derived from bioethanol. The ethylene metathesis [29, 33] and 
oligomerization-cracking routes are two methods that have been studied over Ni, Mo, W 
supported on different mesoporous and microporous materials such as HZSM-5, HY, Hβ, 
MCM-22, and SAPO-34 [33, 151-153].  Ethylene conversion needs a high density of acid 
sites, however, this property of catalyst favors secondary reactions in which paraffins, 
aromatics, and polyhydrocarbon aromatics are formed. Hence, the development of robust 
catalysts and processes that maximize propylene yield is still under way. 
As the intermediate in bioethanol intramolecular dehydration (see Schemes 1 and 
2), it is necessary to briefly review the progress in bioethanol to ethylene process over 
molecular sieve catalysts in this section. Owing to acid properties, regular pore structure, 
and large specific surface area, molecular sieves are active for catalytic conversion of 
bioethanol to ethylene: 
C2H5OH → C2H4 + H2O, ∆H298 = + 44.9 kJ/mol   (1) 
Equation 1 is endothermic at 298 K [154], but is thermodynamically favored above 
513 K generating ethylene as the main product [16]. The conversion of ethanol to ethylene 
is an intramolecular dehydration process, the mechanism of which follows the rule of 
elimination reaction, as shown in Scheme 4. In the catalytic dehydration of ethanol to 
ethylene, a carbonadoes intermediate is formed after the hydroxyl is protonated by acid 
catalyst and leaves as H2O molecule. Then the conjugate base of the catalyst captures the 
β-hydrogen on methyl groups to generate ethylene [155]. Weak and moderate acid sites are 
active for intramolecular dehydration to produce ethylene while strong acid sites favor the 




Selective conversion of ethanol to ethylene does not require high reaction 
temperatures, therefore HZSM-5 catalysts typically do not experience hydrothermal 
stability problems. Zeolite catalysts promoted with alkaline metals, alkaline-earth metals 
and lanthanides were found to be very selective in the conversion of both pure and aqueous 
ethanol to ethylene [156]. Ramesh et al. [69, 70] modified HZSM-5 with H3PO4 and found 
that phosphorous modification reduces the acidity and enhances its coke resistance. 
Ouyang et al. [68] obtained both ethanol conversion and ethylene selectivity above 98% at 
533 K using lanthanum modified HZSM-5. The activity lasted more than 950 h while the 
regeneration of catalyst took no more than 830 h. Further study by Zhan et al. [66], 
demonstrated that lanthanum-phosphorous modification of HZSM-5 tuned the acid sites 
and optimized the pore structure which in turn, improved the catalytic performance and 
anti-coking ability for ethanol dehydration to ethylene at low temperatures (473-573 K), 
compared with unmodified catalyst. Hao Tong [157] studied ethanol as feedstock in 
aqueous solution (20 vol.%) and reported an ethanol conversion of above 98% at 627 K 
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Potter et al. [158] confirmed that the isolated silicon species contributes to the 
formation of accessible strong Brønsted acid sites, leading to high selectivity towards 
ethylene when ethanol is dehydrated at low temperatures (523-573K). Wang et al. [159] 
conducted ethanol dehydration reaction over SAPO-34 at 493-593 K with space velocity 
of 2 h-1. Above 533 K, ethanol conversion was found to be above 90% with ethylene 
selectivity of about 99%. However, when temperature dropped below 533 K or the space 
velocity was increased, ether appeared as a part of the product. In another investigation, 
Zhang et al. [81] compared the activity and stability of four catalysts, namely γ-Al2O3, 
HZSM-5, SAPO-34, and NiAPSO-34. Considering the ethanol conversion and ethylene 
selectivity, the decreasing order of catalyst preference was: HZSM-5 > NiAPSO-34 > 
SAPO-34 > γ-Al2O3. Since SAPO-34 and NiAPSO-34 exhibited effective catalytic 
activity and stability in 100 h, NiAPSO-34 was found to be an excellent candidate for the 
catalytic conversion of ethanol to ethylene. 
 
5. CONCLUSION AND OUTLOOK 
The bioethanol to propylene reaction provides an economically attractive route to 
convert cost-advantaged raw materials such as bioethanol to high value-added propylene 
and ethylene products. HZSM-5 zeolite is the best catalyst and support known for 
bioethanol dehydration reaction so far. It has been demonstrated that HZSM-5 zeolite and 
metal oxides have the potential to be developed as commercialized catalysts for the 
conversion of bioethanol to propylene. The propylene yield reached as high as 30% on both 
zeolite and transition metal catalysts. In general, transition metal promoters play a crucial 




of transition metal promoters and zeolite chemistry. It is clear that much work has been 
done in improving the catalytic performance in terms of activity, selectivity, stability, etc. 
Accordingly, following objectives may spur further studies in this field: characteristics of 
catalyst and its catalytic activity and selectivity are highly dependent on its surface 
structure. As more strategies are developed for the modification of surface structure, a 
systematic evaluation of surface area, crystal structure, catalyst support and catalytic sites 
distribution must be explored for their bioethanol to propylene conversion capabilities. 
Although several promoters have been reported to enhance the conversion, more work 
needs to be done to improve propylene yield and selectivity. In this respect, post-treatment 
of catalyst with various promoters that show synergistic effects may prove useful for 
enhancing the propylene yield; more promoters could be selected with different 
combinations to optimize the yield of propylene. Furthermore, the effect of various 
promoters on the performance of zeolites can be investigated theoretically so that better 
dopant and co-promoting matches can be found analytically. It has been confirmed that 
combination of zeolite and transition metal oxides are favor ETP reaction in different 
aspects due to their respective properties. The advantages of these catalysts can be taken 
into account by combining more than one type of catalyst to make catalyst composites or 
hybrid materials with various functionalities to seek catalyst with a better catalytic 
performance. Indeed, there is potentially significant gain towards yield, conversion and 
selectivity through the use of advanced composite catalysts, but many barriers must be 
overcome. 
Existing literature reports merely propose the mechanism of the conversion by 




variation trends accordingly, theoretical kinetic simulations and calculations studies are 
necessary for a better understanding of the process. Almost all the reactors used in catalysts 
tests are fixed-bed reactors. However, the type of the reactor may have a great effect on the 
conversion due to its mass and heat transfer characteristics. Consequently, it is beneficial 
to examine various catalysts in different types of reactors to obtain a better understanding 
of the interactions between reactants, products and catalyst from a process point of view. 
Overall, catalytic conversion of bioethanol to propylene is a potential substitute for 
conventional propylene production from naphtha steam cracking. What makes this process 
promising is not only the accessibility of bioethanol as feed stock, it is also because of its 
environmentally friendly nature. The enlarging propylene market all around the world 
renders the focus of researches on novel catalysts development. 
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ABSTRACT 
Herein, we report the synthesis of zeolite composites with core-shell structure via 
a secondary growth technique and evaluation of their catalytic performance in ethanol 
dehydration. In particular, SAPO-34 particles were functionalized by TPA+, followed by 
dispersion in ZMS-5 or silicalite-1 to from SAPO-34@ZSM-5 and SAPO-34@silicalite-1 
composites. The novel core-shell materials showed a hierarchical porous structure 
consisting of both micropores and mesopores. The active sites in the developed composites 
were found to have a mild acidity. Compared to conventional zeolite catalysts in ethanol 
dehydration reaction, the core-shell SAPO-34@ZSM-5 improved the selectivity towards 
light olefins. In addition, our catalyst test results revealed the enhancement in propylene 
and ethylene yield over SAPO-34@ZSM-5 and SAPO-34@siliclite-1, respectively, as 
compared with bare SAPO-34. An improved catalyst stability was also obtained for the 
composite materials owing to their core-shell structure. The improved catalytic 
performance reported in this study reveals the potential utility of the zeolite composites 








Propylene is an important raw material in petrochemical industry and a major 
chemical intermediate in various chemical processes. It is mainly produced by steam 
cracking of the naphtha from petroleum.1,2 However, due to the deteriorating exhaustion of 
petroleum resources and increasing concerns about environmental footprints, the 
development of an alternative route for propylene production has drawn broad attention in 
recent research. Ethanol can be produced from renewable sources such as biomass via 
fermentation.3 Selective dehydration of ethanol to propylene has been shown as a 
promising alternative for propylene production.4 If ethanol could be directly converted to 
propylene, polypropylene could be produced from biomass and the implementation of such 
process would reduce both petroleum dependence and carbon dioxide emissions. 
ZSM-5 type zeolite is the most broadly studied catalyst for selective dehydration of 
ethanol to propylene, due to its acidity (i.e. acid strength and acid sites density) and 
porosity.5-7 Furthermore, previous studies reveal that other important factors such as Si/Al2 
ratio and reaction temperature significantly influence propylene selectivity in ethanol 
conversion.8,9 The distribution of the products and the yield of propylene depend highly on 
Si/Al2 ratio. Song et al.3 compared the products obtained from catalytic reaction over ZSM-
5 of various Si/Al2 ratios at 400 °C and found that a Si/Al2 ratio of 80 is an optimum ratio 
for the ethanol dehydration reaction. Moreover, modification of ZSM-5 through 




hydrothermal stability and catalyst activity, hence the selectivity toward propylene. It has 
been reported that the propylene selectivity could be improved by using modified ZSM-5 
with a variety of metals such as Ba,10 Ca,10 Fe,11 La,12 Mg,12 P,13 and Zr.3 It is generally 
accepted that the metal content in zeolite could vary with the process. The highest 
propylene yield (ca. 32%) found so far was reported over Sr/ZSM-5 catalyst with Si/Al2 
and Sr/Al2 ratios of 184 and 0.1, respectively at 500 °C and weight of catalyst/ethanol 
molar flow rate (W/F) value of 0.03 gcat/mL/min, in which ethylene was the main by-
product.10  
One of the novel approaches of modifying the zeolite structure for the purpose of 
manipulating the catalytic properties is the growth of a continuous shell over core 
crystals.14 In the core-shell structure, the access to the core with specific properties is 
controlled by the shell layer which gives the composite high stability and functionality.15  
The successful synthesis of several zeolite composites such as MFI/MEL,16 MFI/MFI,17,18 
BEA/MFI,19 and MOR/MFI20 with core-shell structures has been reported in the open 
literature. These composites have been designed to couple zeolites with the above-
mentioned frameworks using various strategies and utilized in heterogeneous reactions 
such as fluid catalytic cracking and alkylation of toluene with methanol. Razavian and 
Fatemi21  managed to synthesize ZSM-5/SAPO-34 and SAPO-34/ZSM-5 composite 
systems for propane dehydrogenation process and reported enhancement in propylene yield 
using these composite materials. In another study by Zhang et al.,22 a core–shell ZSM-
5@meso-SAPO-34 composite catalyst was hydrothermally synthesized and evaluated in 
methanol to aromatics process. The material exhibited higher aromatics selectivity 




demonstrated that these core-shell structures not only change the morphology of the zeolite, 
but also modify the acidity, pore size, adsorption-desorption behavior, in-situ reaction 
mechanism and distribution of the reaction products. Despite significant potential, the 
performance of such composite materials with core-shell structure has not been evaluated 




Figure 1. Scheme of core-shell structure of two catalytic systems employed in this study. 
 
 
Motivated by the advantages offered by composite materials with novel structures 
which allow the manipulation of physical and chemical characteristics tuned for better 
catalytic performance, a core-shell synthesis strategy was employed in this study to prepare 
SAPO-34@ZSM-5 and SAPO-34@silicalite-1 composites for converting ethanol to light 
olefins such as ethylene and propylene. This strategy was chosen based on the fact that 
ZSM-5 and SAPO-34 are both olefins-favorable zeolite in ethanol dehydration reaction. 
ZSM-5 was selected as the shell to pre-catalyze the reactant ethanol to dimethyl ether, the 
intermediate, and then transfer through SAPO-34 phase to produce ethylene and propylene 




shell structure have not been evaluated in ethanol dehydration reaction. In this work, ZSM-
5 and silicalite-1 were grown on the SAPO-34 crystal surface to form SAPO-34@ZSM-5 
and SAPO-34@silicalite-1 core-shell zeolite composites, respectively as schematically 
depicted in Figure 1. The addition of ZSM-5 shell phase significantly changed the 
characteristics of the catalysts and improved the selectivity of propylene form ethanol. 
 
2. EXPERIMENTAL SECTION 
2.1.  CATALYST PREPARATION 
ZSM-5. First, TEOS (98%, Aldrich) was added to a solution of TPAOH (1 M, 
Sigma-Aldrich), NaOH (pellets, Sigma-Aldrich) and DI water. The solution was stirred in 
a polypropylene bottle for 10 h at room temperature. Aluminum isopropoxide was then 
added slowly and the solution was stirred for another 24 h at room temperature before 
transferring to a Teflon-lined stainless-steel autoclave. The molar composition of the 
synthesis solution was: 6TPAOH: 0.1Na2O: 0.25Al2O3:  25SiO2: 480H2O: 100EtOH. After 
60 hours of crystalizing in the oven at 100 °C, the solution was removed. The final white 
crystals were purified by centrifugation at 4700 rpm for 40 min, followed by re-dispersion 
in water four times. The purified product was thereafter dried at 95 °C overnight. The 
obtained crystals were finally calcined at 550 °C in air for 6 h to remove the template 
molecules. To form protonated ZSM-5 (HZSM-5), the powder was ion-exchanged in 1 M 
NH3NO3 solution and calcined at 550 °C in the air for 6 h. 
SAPO-34. Aluminum isopropoxide and colloidal silica were mixed with 
tetraethylammonium hydroxide at room temperature and stirred for 2 h in a polypropylene 




droplets per min. The molar composition of the resultant mixture was: 4TEAOH: 0.6SiO2: 
1Al2O3: 2P2O5: 75H2O. The solution was then stirred for another 30 min before transferring 
to a Teflon-lined stainless-steel autoclave. After 18.5 h of crystalizing in the convection 
oven, the solid product was separated by centrifuge and then washed four times. The 
synthesis was ended with a 6 h calcination at 550 °C to burn off the template. 
 
 
Figure 2. Scheme of catalysts synthesis procedure employed in this study to prepare core- 
shell composites. 
 
SAPO-34@ZSM-5 and SAPO-34@silicalite-1 core-shell composites. The as-




functionalized SAPO-34. The TPA+ acts as both the site and template for ZSM-5 growth 
on the SAPO-34 surface, while inverses the negative charge of SAPO-34 and provides 
affinity for ZSM-5, which is also negatively charged. The TPA-SAPO-34 was fully mixed 
with ZSM-5 synthesis solution and then transferred to a Teflon-lined stainless-steel 
autoclave for 60 h hydrothermal treatment. The product was collected and purified in a 
similar manner as the parent zeolites. The synthesis procedure is schematically depicted in 
Figure 2. The same method was applied for the synthesis of SAPO-34@silicalite-1 
composite. 
 
2.2.  CATALYST CHARACTERIZATION 
X-ray diffraction (XRD) patterns of the catalysts were obtained with a 
diffractometer (PANalytical) operated at 40 kV and 40 mA with Cu-Kα1 monochromatized 
radiation (λ= 0.154178 nm). The samples were scanned at a rate of 2.0o/min in the range 
2θ = 5o to 50o. N2 physisorption isotherm measurements were carried out in a Micromeritics 
3Flex Surface Characterization Analyzer. Textural properties including surface area, total 
pore volume, micropore volume, and average pore width were determined using Brunauer–
Emmett–Teller (BET), Barrett-Joyner-Halenda (BJH) and t-plot methods. Prior to the 
measurements, samples were degassed at 300 °C for 6 h. SEM images were recorded using 
a Hitachi S-4700 FESEM instrument. Zeolite crystals were deposited on a silicon wafer by 
dispersion and the sample was coated with Au/Pd. NH3-temperature-programmed 
desorption (TPD) measurements were carried out on Micromeritics 3Flex. The catalyst 
sample (0.1 g) was placed in a small quartz tube and heated at 500 °C in a He flow (30 mL 




a flow of 5 vol% NH3/He (30 mL min-1) for 1 h. The sample was flushed with He gas at a 
rate of 30 mL min−1 for 1 h to remove NH3 that was physically adsorbed on the sample 
surface. The desorption of NH3 was measured from 100 to 600 °C at a constant heating 
rate of 10 °C min−1. A mass spectrometer (MicrotracBEL, BELMass) was used to detect 
NH3 desorbed from the catalyst. 
 
2.3.  CATALYST EVALUATION 
The ethanol dehydration reaction was carried out over the as-synthesized catalysts 
in a continuous fixed-bed stainless steel reactor (i.d. 10 mm) under atmospheric pressure. 
In a typical run, about 0.5 g of catalyst was loaded in the center of the reactor and was 
activated at 500 °C for 1 h in 5 mL min−1 N2 flow before reaction. The temperature was 
then reduced to 400 °C while the N2 flow rate was kept at 5 mL min−1, and then the syringe 
pump was turned on to introduce ethanol at the rate of 1.5 mL h-1. The ethanol was 
vaporized in a T-joint, which was heated at 110 °C, prior to entering the reactor with N2 
carrier gas. A condenser was used to collect liquid product right after the outlet of the 
reactor and the gas products were analyzed by an on-line SRI 8610C gas chromatograph 
equipped with mxt-wax (30 m x 0.53 mm) capillary column an FID detector. 
 
3. RESULTS AND DISCUSSION 
 
2.1.  CATALYST CHARACTERIZATION 
The SEM images of the as-synthesized materials are shown in Figure 3. As evident 




of 145 ± 19.7 nm. The well mixing of the synthesis solution and stable temperature 
controlled at 100 °C produced catalyst nanoparticles with uniform size. On the other hand, 
the bare SAPO-34 displayed cubic particles, as shown in Figure 3b. A few small seeds 
acting as nutrient for growth of particles can be found attached to the cubic SAPO-34.24 
The layered-shape of the crystals indicated that the cube grew in a layer-by-layer fashion. 
In comparison, the ZSM-5-coated SAPO-34 (SAPO-34@ZSM-5) looked more rounded 
with rough surfaces. The particle size of SAPO-34 covered a range from 0.5 to 7.5 μm with 
an average size of 3.03 ± 1.40 μm, as shown by the blue bars in Figure 4, while the average 





Figure 3. SEM images of the zeolites: (a) uniform ZSM-5 nanocrystals (b) uniform 




μm. The distribution of SAPO-34@ZSM-5 particle size was similar to that of bare SAPO-
34. The fact that the particle size difference is larger with increasing size suggested that 
ZSM-5 was grown thicker on larger SAPO-34 particles and thinner on smaller ones. The 
morphology of SAPO-34@silicalite-1 composite is shown in Figure 3d. Although the 
coverage of the silicalite-1 over SAPO-34 particles was not as high as that of ZSM-5, it is 
notable that silicate-1 was formed mainly around SAPO-34 crystals. According to the 
weight measured before and after the shell growth, the ZSM-5 loading on SAPO-34 is 28% 
while the silicalite-1 loading is 17%, as listed in Table 1. 
 
 







































SAPO-34 252 230 22 0.17 0.11 0.06 - 
ZSM-5 423 124 299 0.38 0.06 0.32 - 
SAPO-34 
@silicalite-1 315 242 72 0.33 0.12 0.21 17% 
SAPO-34 
@ZSM-5 390 235 155 0.37 0.15 0.22 28% 
aSBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor 
pressure ranging from 0.05 to 0.3. 
bMicropore area and micropore volumes were determined using t-plot method. 
cTotal pore volume was estimated based on the volume adsorbed at P/P0 = 0.99. 




The XRD patterns of MFI and CHA zeolites displayed in Figure 5, indicating the 
successful synthesis of HZMS-5 and SAPO-34 crystals. For ZSM-5, the peaks at 2θ = 7.9°, 
8.8°, 13.9°, 23.1° and 23.9° corresponded to (101), (200), (102), (501) and (303) planes in 
the MFI framework respectively,25,26 whereas the diffractions at 2θ = 9.4°, 12.8° and 20.5° 
were related to (101), (110), and (211) planes in the CHA framework.24,27 SAPO-
34@ZSM-5 exhibited characteristic peaks of both MFI and CHA frameworks, indicating 
the retainment of SAPO-34 crystals in coating process and the growth of ZSM-5. Similar 
patterns were observed for silicate-1@SAPO-34 sample due to the same structure of 
























The N2 physisorption isotherms and pore sized distribution profiles of the samples 
are presented in Figure 6. ZMS-5 exhibited double hysteresis loops in this isotherm ranging 
from P/P0 = 0.3-0.9 and P/P0 = 0.9-1.0 (combination of type H2 and H4), suggesting that 
ZSM-5 possesses two pores systems.28 This could be further confirmed by its pore size 
distribution, as shown in the inset figure. The mesopores of 2 nm within the particles 
together with the pores of 4 nm led to the double hysteresis loop. The formation of 4 nm 
pores may be caused by the tensile strength effect (TSE) of the adsorbed phase. Further, 
the pores with sizes in the range of 30-100 nm were ascribed to the packing pores.29 When 





Figure 6. N2 physisorption isotherms and pore size distributions (inset figure) of ZSM-5 
(black), SAPO-34 (blue), SAPO-34@ZSM-5 (red) and SAPO-34@silicalite-1 (green). 
 
 
per unit mass of the sample was reduced. The nanoparticles growing on the SAPO-34 
surface inevitably congregated and decreased in stacking openings in comparison to the 
isolated spheres. This increased the proportion of micropores in the crystals and decreased 
that of stacking mesopores, as shown in Table 1. SAPO-34 showed a characteristic of type 
I isotherms with type H2 hysteresis loop.30 This material presented a saturated uptake of N2 
at extremely low pressure (P/P0 < 0.05) due to the monolayer adsorption in the micropores. 
A hysteresis loop at P/P0 = 0.9-1.0 occurred which indicated the formation of mesopores. 
The isotherms of SAPO-34@ZSM-5 were the compromise of the ZSM-5 and SAPO-34 
materials. The pore size distribution curve of this composite indicated the formation of both 




































micropores and mesopores, which stemmed from the SAPO-34 core. It should be noted 
here that because ZSM-5 nanoparticles were coated on SAPO-34 core, the effect of 
stacking pore was eliminated and the second hysteresis loop disappeared. Similarly, SAPO-
34@silicalite-1 showed the compromised isotherms of the pure materials and displayed 
lower N2 uptake than the SAPO-34@ZSM-5. This might be due to the larger silicalite-1 
particles than that of ZSM-5 which led to less BET surface area, as shown in Table 1. The 
intrinsic mesoporosity of silicalite-1 also gave rise to a higher proportion of mesopores in 
the composite and led to a larger range of hysteresis loop. 
Ammonia-TPD results displayed in Figure 7 revealed that the synthesis of SAPO-
34@ZSM-5 modified the acidy of the individual components. The TPD pattern of the bare 
SAPO-34 showed two peaks at 196 and 296 °C which were related to weak and strong acid 
sites, respectively. For the bare ZSM-5, similar double peaks were found at 220 and 394 °C. 
However, as can be noted from this figure, the formation of core-shell structure totally 
changed the acidy of the catalyst by leaving one dominating weak peak at 205 °C and a 
very weak peak around 389 °C. The SAPO-34@silicalite-1 sample showed similar profiles 
to SAPO-34@ZSM-5 but with lower acid strength and less acid site amount. This is due 
to the dilution with silicalite-1 which is an intrinsically inert material. The reduction of the 
strong acid sites amount is proposed to be the result of TPA+ functionalization which ion-
exchanged the acid site groups in the SAPO-34.  It has been previously confirmed that 
weak acid sites favor the production of propylene from ethanol.3,8,9 Thus, a relatively better 
catalytic performance in ethanol conversion is expected for these composite catalysts, as 

























Figure 7. NH3-TPD profile of ZSM-5 (black), SAPO-34 (blue), SAPO-34@silicalite-1 
(green) and SAPO-34@ZSM-5 (red). 
 
2.2.  CATALYST EVALUATION 
The above-mentioned catalysts were all tested in a stainless steel fixed-bed reactor 
at 400 °C and atmospheric pressure, with weight hourly space velocity of 2.37-1 (WHSV). 
For comparison, 28 wt.% ZSM-5 was mixed mechanically with SAPO-34 as a control 
experiment (SAPO-34/ZSM-5) and the mixture was tested under the same conditions. 
According to the GC analysis results of the liquid product (Figure 8), it was found in Figure 
8 that the conversion of ethanol varied over different catalysts under the investigated 
conditions. 81.3% of ethanol was converted over ZSM-5 while a ethanol conversion of 
89.8% was obtained over SAPO-34 at 10 h on stream. The SAPO-34@ZSM-5 composite 
retained a relative high conversion of 84.5% at 400 °C, whereas the SAPO-34/ZSM-5 




employed in SAPO-34@silicalite-1 composite resulted in the dilution of SAPO-34 and 














































Figure 8. Ethanol conversion over the ZSM-5, SAPO-34, SAPO-34@silicalite-, SAPO-
34@ZSM-5 and mechanically mixed SAPO-34/ZSM-5. Reaction temperature: 400 °C; 
pressure: 1 atm; WHSV = 2.37 h-1, reaction time: 10 h. 
 
 
The selectivity of the main products as a function of time on stream are presented 
in Figure 9. The trends shown in Figure 9a indicates that within the tested time on stream 
(10 h), the product mainly composed of ethylene and propylene. Approximately 57% of 
ethylene and 17% of propylene were found in the product at initial 7 hours. Afterwards, 
ethylene decreased to ~50% while propylene increased to ~23%. This is due to the 




as shown in the figure. Figure 9b shows impressive proportion of ethylene in the product 
with a selectivity higher than 90% throughout the tested timeframe. This could be attributed 
to the three-dimensional channels system of the CHA zeolite with eight-membered ring 
pore openings of 0.43 nm diameter which is close to the kinetic diameter of ethylene (0.39 
nm).31 A dramatic decrease in ethylene selectivity was found after 4.5 hours, indicating a 
rapid deactivation of the SAPO-34 catalyst due to its small pore opening. In comparison, 
the selectivity of ethylene over ZSM-5 was less than that of SAPO-34, while the selectivity 
toward propylene was much higher. This can be explained by the difference in channel size 
of the two catalysts, the ZSM-5 with ten- membered ring structure and pore openings of 
0.56 nm diameter, allows both ethylene and propylene pass through readily. 
As for the core-shell structure composite, SAPO-34@ZSM-5 achieved a ~65% 
ethylene selectivity and ~15% propylene selectivity, with the total light olefins selectivity 
of ~80%, which was higher than that of ZSM-5 catalyst (~74%) and SAPO-34/ZSM-5 
mixture (76%). The flat plateau of reaction course over SAPO-34@ZSM-5, as shown in 
Figure 9c, suggests the stable nature of the core-shell structure, owing to its moderate 
acidity, as verified by the NH3-TPD results. Compared to the bare SAPO-34, the propylene 
selectivity was also improved from ~5% to ~15% by the employment of ZSM-5 shell. 
Furthermore, it was found that this composite was not deactivated as easily as the bare 
SAPO-34. Comparison between Figure 9c and 9e reveals that the core-shell structure of 
SAPO-34@ZSM-5 sample affected the product distribution of the ETP reaction. The 
SAPO-34/ZSM-5 mixture provides the interaction of the acid cites in both SAPO-34 and 
ZSM-5 with the reactant ethanol, whereas most of the ethanol reactant was firstly reacted 
















 methane  ethane  ethylene
 propane  propylene  butane








Time on stream (h)
(a)








 methane  ethane  ethylene








Time on stream (h)
(b)












 methane  ethane  ethylene
 propane  propylene  butane








Time on stream (h)
(c)









 ethane  ethylene  propylene








Time on stream (h)
(d)
 













 methane  ethane  ethylene
 propane  propylene  butane








Time on stream (h)  
Figure 9. Time-on-stream of selectivity for ethanol dyhydration over ZSM-5 (a), SAPO-
34 (b), SAPO-34@ZSM-5 (c), SAPO-34@silicalite-1 (d),  SAPO-34/ZSM-5 (e).  





intermediate gave rise to a higher ethylene/propylene ratio ca. 4.7 on core-shell composite 
than on the mechanical mixture ca. 3.7, obtained at reaction time of 5 h. The enhanced total 
selectivity to light olefins and increased ethylene/propylene ratio is proposed to be the 
result of the conversion of the intermediate, dimethyl ether, in the ZSM-5 shell, which 
further produced light olefins in the SAPO-34 core.32 As an inactive component but with 
the same structure as HZMS-5 (MFI), silicalite-1 was employed in the SAPO-34 to form a 
SAPO-34@silicalite-1 composite. This control group was also analyzed and the 
corresponding selectivity profiles are shown in Figure 9d. As can be seen, SAPO-
34@ZSM-5 and SAPO-34@silicalite-1 shows dramatically different product distribution, 
indicating that the ZSM-5 shell played a significant role in the ethanol dehydration. SAPO-
34@silicalite-1 gave rise to ~99% ethylene selectivity, even higher than that over SAPO-
34, despite of its relative low ethanol conversion. This might be attributed to the dilution 
of SAPO-34, which lowered the ethanol conversion but also moderated the acidity of the 
catalysts, as can be observed from the NH3-TPD profile in Figure 7. The silicalite-1 
employment, although not involved in ethanol dehydration, might have directed the ethanol 
flow in its porous particles when reactant passed through the catalyst bed. The porous 
silicalite-1 created a homogeneous flow environment, improved mass transfer and 




This study described the synthesis of novel composite catalysts with a core-shell 




used as the core and ZSM-5 and silicaite-1 were coated as the shell. The SAPO-34@ZSM-
5 particles showed an average size of 6 μm, whereas silicalite-1@ZSM-5 particles size was 
found to be 1.0-1.5 μm. Owing to the properties of both ZSM-5 and SAPO-34, both micro 
and mesopores were found in the composite catalysts. The combination of these two types 
of zeolites resulted in the formation of a zeolite composite with mild surface acidity, which 
further favored the ethanol dehydration reaction. The catalyst test results indicated a 
relatively good catalytic performance in producing light olefins, mainly ethylene. The 
SAPO-34@ZSM-5 composite retained a relatively high ethanol conversion at 400 °C. 
Compared with the bare SAPO-34, the SAPO-34@ZSM-5 composite exhibited a better 
propylene selectivity. Furthermore, the total selectivity towards ethylene and propylene 
increased from 74% over ZSM-5 to 80% and 99% over SAPO-34@ZSM-5 and silicalite-
1@ZSM-5, respectively. A relatively long reaction course (10 h) suggests that, compared 
to bare SAPO-34, the core-shell structure not only improves the selectivity toward desired 
product, but also enhances the stability of the catalyst in ethanol dehydration reaction. 
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ABSTRACT 
Three dimensional (3D) printing manufacturing has attracted growing interests for 
material synthesis applied in various fields because of its rapid accomplishment, cost 
effectiveness, approach facilities and structure controllability. In this work, we present a 
facile and efficient method for the fabrication of 3D-printed HZSM-5 and HY monoliths 
with macro-meso-micorporosity as the heterogeneous catalysts for n-hexane cracking 
reaction. To modify and improve the performance of the monolithic catalysts, the 
silicoaluminophosphate with chabazite framework (SAPO-34) was grown on the zeolite 
monolith surface via secondary growth method. Characterization of the catalysts suggest 
that surface area, porosity, acidity and structure of the catalysts were influenced by both 
formulation into monolithic structures and growth of SAPO-34. The performance of the 
3D-printed monolithic catalysts was investigated in catalytic cracking of n-hexane at 600 




exhibits more stable activity in n-hexane cracking and higher selectivity to light olefins 
than its powder counterpart.  A highest selectivity to light olefins (53.0%) was found on 
HZSM-5 zeolite monolith at 650 °C whereas over HY zeolite monolith the highest 
selectivity was found to be 57.9% at 600 °C. SAPO-34 growth enhanced the activity all 
monolithic catalysts and significantly improved catalytic selectivity to BTX (benzene, 
toluene and xylene) over HY monoliths. The highest BTX selectivity reached 27.5% on 
SAPO-34 coated HY monolith at 600 °C.  
 
Keywords: 3D printing, HZSM-5 monolith, HY monolith, n-hexane cracking, light 
olefins, SAPO-34 growth 
 
1. INTRODUCTION 
Catalytic cracking of light alkanes such as n-hexane is of great importance because 
it focuses on the production of light olefins in a more energy-efficient and environmentally 
friendly way, as compared with traditional thermal cracking [1-3]. Light olefins generally 
refer to ethylene, propylene and butylene, which are significant raw materials in 
downstream chemical industry like polymers and alkylbenzenes production [4-6]. Acidic 
zeolites are the most broadly used catalysts for the conversion of n-hexane due to their 
intrinsic acidity, framework variety and manipulatable pore structure. Among hundreds of 
zeolites with various frameworks, HZSM-5, H-Beta and HY zeolites are the most 
extensively investigated catalysts for this reaction [7-12] and the generally accepted 
“carbenium ion” theory has been proposed as the mechanism of the alkanes cracking over 




ordered networks, these zeolites are featured by high surface area, outstanding stability and 
specific shape selectivity [19-23]. On the other hand, due to the narrow intracrystalline 
micropores, these materials suffer from slow diffusion and restricted mass transfer of the 
reactants and products, which greatly affect their activity, selectivity and lifetime[24-27]. 
Efforts have been made to improve the activity of the catalysts and selectivity to light 
olefins by optimizing the acidity [28-31], scaling down the crystal size [32-35], altering 
the pore structure [8, 36], and modifying with heteroatoms [37, 38]. 
Another generally investigated solution is the design and fabrication of structured 
catalysts, especially hierarchically structured catalysts with high specific surface area, a 
network of broad pores, interconnected porosity and tunable heteroatom compositions, 
which allow more facile access of the active sites and mitigate catalyst deactivation [39-
42]. As the major type of structured catalysts, monolith catalysts have outstanding 
performances in environmental applications such as the cleaning of automotive exhaust 
gases and selective catalytic reduction (SCR) [43-46] due to their advantages including low 
pressure drop, high thermal stability, great mechanical integrity, good mass transfer 
characteristics [47-49]. 
With recent development of three dimensional (3D) printing technology, 
monolithic materials have drawn attention of the researchers to a variety of fields. Rezaei 
and coworkers developed 3D-printed 5A and 13X zeolite monoliths for CO2 removal from 
enclosed environments [50]. The novel monolithic structures showed improved adsorption 
capacity and mechanical stability. Successively, the same group reported the formulation 
of aminosilica adsorbents and metal-organic frameworks (MOFs) into monolithic 




powder analogues [51, 52]. Couck et al. fabricated SAPO-34 monoliths using 3D printing 
technique and these materials showed good performance in separating CO2 and N2. [53] 
The promising aspect of 3D-printed material has also been proven by the work of Tubío 
and coworkers [54]. The authors successfully synthesized Cu/Al2O3 catalytic system with 
a woodpile porous structure by 3D printing. The system exhibited excellent catalytic 
performance in different Ullmann reactions, outstanding catalyst immobilization and high 
mechanical strength. Besides, there are several studies conducted by different researchers 
who fabricated catalyst supports with 3D printing method [55-58]. Considering these 
supports were technically employed as structural materials, the investigation of functional 
materials used as active catalyst is too rare.  
Motivated by the advantages offered by 3D-printed structures, we fabricated 
monolithic catalysts of acidic HZSM-5 (MFI framework) and HY (FAU framework) 
zeolites in this work using our lab-scale 3D printer. To improve the catalytic performance, 
the monoliths surface was coated with a layer of SAPO-34 (CHA framework). The surface 
area, porosity, acidity and the structure of the zeolite monoliths were characterized by 
various techniques including XRD, SEM, N2 physisorption and NH3-TPD. The activity of 
the monolithic catalysts were tested in n-hexane cracking and the results were compared 
with pristine zeolite samples. 
 
2. EXPERIMENTAL SECTION 
2.1.  PREPARATION OF 3D-PRINTED MONOLITH 
Ammonia-ZSM-5 powder (CBV 5524G, Zeolyst, SiO2/Al2O3 = 50) was calcined at 




(HY, CBV780, SiO2/Al2O3 = 80) were used as the pristine zeolite powders for 3D printing 
of the monolithic catalysts. In the next step, approximately 87.5 wt.% zeolite was mixed 
with 10 wt.% bentonite clay which acted as the binder using an agitator (Model IKA-R25). 
Sufficient water was then added and stirred with the mixture to get a homogeneous slurry. 
The paste with extrudable viscosity and moisture was obtained after adding 2.5 wt.% 
methyl cellulose, as a plasticizer, with sufficient agitation. The aqueous paste was then 
transferred to a 10 mL syringe (Techcon Systems) carefully to prevent air voids or unfilled 
intervals. A nozzle with 0.60 mm in diameter was installed on the syringe for the dispensing 
of the paste. The fabrication of the monolithic zeolite catalysts was performed on a lab-
scale 3D printer (Geeetech). The printing paths were programmed by AutoCAD software 
and coded by Slic3r. The paste was dispensed and deposited on an alumina substrate in 
layer-by-layer manner to generate honeycomb-like monoliths. The HZSM-5 and HY 
monoliths were noted as “ZM” and “YM” respectively while the pristine powder zeolites 
were noted as “ZP” and “YP”. 
 
2.2.  GROWTH OF SAPO-34 ON MONOLITH 
Firstly, SAPO-34 seeds were produced using a mixture of aluminum isopropoxide 
(Al(i-C3H7O)3, Simga-Aldrich), colloidal silica (40 wt %, SNOWTEX-ZL), 
tetraethylammonium hydroxide (TEAOH, 40 wt %, Simga-Aldrich), and  H3PO4 (85 wt %, 
Simga-Aldrich) with molar ratio of 1.0 Al2O3: 0.6 P2O5: 0.6 SiO2: 6.0 TEAOH: 111 H2O. 
Hydrothermal treatment was carried out in a 100 mL Teflon-lined stainless steel autoclave 
(Parr Instrument) at 180 °C for 3 h. The product was centrifuged and washed for three 




monoliths were immersed in the water suspension of 1.0 wt % SAPO-34 seeds, and then 
were shaken gently for 5 min. The seeded monoliths were lifted out of the suspension and 
dried at 80 °C overnight. Another synthesis solution with the molar ratio of 0.85 Al2O3: 1 
P2O5: 0.3 SiO2: 2.0 TEAOH: 155 H2O was prepared using the above-mentioned chemicals. 
The seeded monoliths together with the solution were transferred to the Teflon-lined 
stainless steel autoclaves for hydrothermal treatment at 220 °C for 6 h.  The obtained 
monoliths were washed with deionized water, dried overnight and calcined at 550 °C to 
remove template. The loading of SAPO-34 on ZM and YM were 4.9 wt.% and 11.2% wt.% 
respectively. SAPO-34 grown on HZSM-5 monolith (SZM) and SAPO-34 grown on HY 
monolith (SYM) were noted with an additional “S” prefix indicating the presence of 
SAPO-34 crystals. Various 3D-printed monolith samples with two different dimeters (10 










2.3.  CHARACTERISTICS OF MONOLITHIC CATALYSTS 
X-ray diffraction (XRD) patterns were obtained with a PANalytical X’Pert 
Multipurpose X-ray Diffractometer operated at 40 kV and 40 mA with Cu-Kα1 radiation. 
The scan angle (2θ) range was from 5° to 50° at a rate of 2.0° min-1. Scanning electron 
microscope (SEM) images were captured with a field-emission scanning microscope 
(Hitachi S-4700). Samples were fixed on a pin stub using carbon paste coated with Au/Pd. 
N2 physisorption measurements were carried out with a Micromeritics 3Flex surface 
characterization analyzer at 77K. Before the measurements, all samples were degassed at 
300 °C for 6 h. Textural properties including total surface area, external surface area and 
and pore size distributioin were measured using Brunauer-Emmett-Teller (BET) equation, 
t-plot and Barrett-Joyner-Halenda (BJH) methods respectively. The acid properties were 
measured by temperature-programmed desorption of ammonia (NH3-TPD) using 
Micromeritics 3Flex analyzer. NH3 adsorption was performed under a flow of 5 vol% 
NH3/He. The desorption of NH3 was measured from 100 °C to 600 °C at a constant heating 
rate of 10 °C min−1. A mass spectroscopy (MicrotracBEL, BELMass) was used to detect 
the quantity of NH3 desorption. The Brønsted and Lewis sites were found by ex-situ 
Fourier-transform infrared spectroscopy (FTIR) of pyridine adsorbed samples using a 
Bruker Tensor spectrophotometer. The catalysts were firstly activated at 400 °C for 4 hours 
to remove moisture and samples were cooled down to 60 °C for adsorption of pyridine 
until saturation. To analyze the coke formation in the spent catalysts after n-hexane 
cracking, thermogravimetric analysis-differential thermal analysis (TGA-DTA) was 
carried out from 30 °C to 900 °C, at a rate of 10 °C/min using TGA (Model Q500, TA 




2.4.  CATALYTIC CRACKING OF N-HEXANE 
A flow of nitrogen saturated with n-hexane at 30 °C was fed to a stainless steel 
packed-bed reactor. A mass flow controller (Brooks, 5850) was used to control the feed 
flow rate. About 0.3 g of each catalyst was tested under 600 and 650 °C at 1.01 bar in the 
tubular reactor with an internal diameter of 10mm and a length of 300 mm. The weight 
hourly space velocity (WHSV) was kept at 5 h-1 constantly. Before each run, the catalyst 
was activated in situ at 500 °C in nitrogen flow for 2 h. The products were analyzed on-
line every 30 min using a gas chromatography (SRI 8610C) equipped with a flame ionized 
detector (GC-FID) connected to mxt-wax/mxt-alumina capillary column for hydrocarbons. 
Nitrogen was used as the carrier gas. The effluent line of the reactor till GC injector was 
kept at 110 °C to avoid potential condensation of hydrocarbons. 
 
3. RESULTS AND DISCUSSION 
3.1.  CHARACTERIZATION OF CATALYSTS 
The XRD patterns of all monolith samples are displayed in Figure 2. ZM showed 
typical MFI framework characteristic peaks at 2θ = 7.96°, 8.88°, 23.2°, 23.3° and 24.0° 
corresponding to (101), (200), (501), (341) and (303) planes respectively. Additionally, the 
peaks at 2θ = 9.7°, 13.3° and 21.0° were observed on SZM and these peaks reflect the CHA 
framework of SAPO-34 crystal growth. Similarly, YM displayed characteristic peaks of 
FAU zeolite at 2θ = 6.3°, 10.3°, 12.1°, 15.9°, 20.8° and 24.1° which attributed to (111), 
(220), (311), (331), (440) and (533) planes respectively. SYM retains most of characteristic 
peaks of HY zeolite but with weaker intensity. Additional sharp peaks at 2θ =  9.7°, 13.3° 




Zeolite HY with FAU framework consists of cages that can include spherical molecules of 
1.12 nm in diameter and channels with maximum 0.74 nm diffusion ability [59], whereas 
the cages and channels of HZSM-5 with MFI framework are only 0.64 nm and 0.45 nm, 
much smaller than that of FAU [60]. In our synthesis, when the growth of SAPO-34 on 
monolith was performed in the synthesis solution, the molecules of silica source, alumina 
source and template have more access to HY cages than HZSM-5. With proper 
crystallization condition, SAPO-34 crystals might grow in the FAU cages and undermined 
the original FAU framework. This possibility leads to the decrease in FAU peaks intensity. 
This explanation can also be verified by the fact that the surface area and pore volume of 
SYM are dramatically smaller than those of YM while the difference between SZM and 
ZM are mediocre, as can be seen later.  
 
 



















SEM images are presented in Figure 3 showing the morphology of the monolith 
samples. The comparison between ZM and YM under the same scale indicated that the 





Figure 3. SEM images of the surface of (a) HZSM-5 monolith, (b) HY monolith, (c) 
HZSM-5 monolith with SAPO-34 growth, and (d) HY monolith with SAPO-34 growth. 
 
 
monolith. Both monoliths possessed scattered mesopores on the surfaces which were 
generated by the removal of methyl cellulose after calcination [50]. After grown with 
SAPO-34, cubic crystals were observed on both zeolite monolith surfaces, which are 




nano-sized spherical SAPO-34 seeds could also be found on both zeolite monoliths. These 
seeds were small enough to be attached to the walls of mesopores, as has been highlighted 
by the red circle on Figure 3d. It is obvious that the proportion of undeveloped seeds on 
HY monolith surface were much more than on HZSM-5 monolith. It is possibly due to the 
superior surface area and porosity of YM which captured more seeds whereas the nutrient 
in the synthesis nutrient is limited. 
Table 1 shows the physical properties of all the investigated monolith samples. 
Both the pristine HZSM-5 and HY zeolite powders bear mesopores intrinsically. The 
comparison between ZP and ZM indicated that HZSM-5 catalyst underwent a decrease in 
total surface area from 429 m2 g-1 to 373 m2 g-1 after fabrication into the monolith. The 
decline was mainly from the reduction in microporous surface area. This is due to the 
addition of less porous binder which diluted the zeolite. The same trend was also found in 
YP and YM pair. Although employment of the binder decreased the microporous volume, 
 
 















ZP 429 261 168 0.30 0.13 0.17 
ZM 373 214 159 0.30 0.10 0.20 
SZM 336 206 130 0.27 0.10 0.17 
YP 795 492 303 0.55 0.25 0.30 
YM 732 444 288 0.53 0.22 0.31 
SYM 309 205 104 0.30 0.10 0.20 
a SBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor 
pressure ranging from 0.05 to 0.30. 
b Micropore area and micropore volume were determined using t-plot method. 





the total pore volume remained at the same level because of the creation of mesopores in 
the monolith, as discussed above. This matched the enhanced mesoporous volume values 
in Table 1 and the pore size distribution results in Figure 4b and 4d. The generation of 
mesopores were found in both HZSM-5 and HY monoliths. Considering the 1.2 mm of 
channel dimension of honeycomb-like monoliths, measured by SEM images, the 3D 
printing fabrication render the zeolite monolith a macro-meso-microporous structure 
 
 
























































































Figure 4. N2 physisorption isotherms of  (a) ZP, ZM, SZM, (c) YP, YM, SYM zeolite 
catalysts together with corresponding pore size distribution in (b) and (d) respectively. 
The pore size distribution was derived from the Barrett-Joyner-Halenda (BJH) method, 




material. As the monoliths were coated with SAPO-34 crystals, both total surface area and 
pore volume declined due to pore clogging caused by SAPO-34 growth. It is worth 
mentioning that the volume of the pores below 2 nm in dimeter of SYM is much smaller 
than that of YM, as shown in the inset figure of Figure 4d. It verified the hypothesis that 
SAPO-34 crystals grew in the FAU cages and undermined the original FAU framework. 
The decline of pore volume at the sizes ranging from 10–25 nm could be attributed to the 
SAPO-34 seeds attached to walls of mesopores, as has been shown by the SEM image. 
The acidity of the catalysts was analyzed with the NH3-TPD the patterns which are 
presented in Figure 5 with the corresponding acid strength and acid sites amount date listed 
 
 
































in Table 2. The HZSM-5 catalyst exhibited more total acid sites amount (ca. 0.57–0.63 
mmol g-1) than HY samples (ca. 0.32–0.49 mmol g-1). For the powder and bare monolith 
catalysts in each group, the total quantity of acid sites estimated from desorbed ammonia 
were fairly similar and that of monoliths were slightly lower. As expected, the SAPO-34 
coated monoliths exhibited much higher total acid sites amount due to the introduction of 
 
 
Table 2. Acid properties calculated from NH3-TPD profiles and pyridine adsorption  
FTIR. 
Sample 
Weak acid peak Strong acid peak Total amounta 
(mmol g-1) B/L
b T (°C) Amount (mmol g-1) a T (°C) 
Amount 
(mmol g-1) a 
ZP 217 0.268 403 0.309 0.577 1.98 
ZM 214 0.365 378 0.204 0.569 7.39 
SZM 208 0.352 381 0.277 0.629 1.85 
YP 216 0.227 380 0.159 0.385 3.55 
YM 211 0.132 304 0.189 0.322 6.15 
SYM 201 0.231 371 0.259 0.490 1.43 
aTotal acid site amounts, weak and strong acid peak centers were obtained from NH3-
TPD profiles. 




acidic SAPO-34. As can be observed from these results, both the formulation into monolith 
structure and the further coating with CHA framework zeolite have significant effect on 
the catalyst acid strength distribution, while effect varies with zeolite type. The formulation 
into monolith structure reduced the strong acid sites amount of HZSM-5 zeolite from 0.309 




mmol g-1 to 0.365 mmol g-1. On the other hand, the formulation of HY zeolite monolith 
increased the strong acid sites amount and decreased the weak acid sites. However, 
considering the dramatic shift of HY strong acid peak from 380 °C to 304 °C, the overall 
acidity was actually moderated. The introduction of SAPO-34 increase strong acid sites 
amount of HZSM-5 from 0.204 mmol g-1 (ZM) to 0.277 mmol g-1 (SZM) and of HY from 
0.189 mmol g-1 (YM) to 0.259 mmol g-1 (SYM).  
Ex-situ FTIR analysis of pyridine adsorbed samples was employed to obtain acid 
site type information, the results of which are shown in Figure 6. The IR bands appear at 
1540-1548 cm-1 and 1445-1460 cm-1 are usually regarded as the characteristic bands a 
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Brønsted (B) and a Lewis (L) acid site respectively [61]. It is worth mentioning that the 




the spectra, all the catalysts have shown bands around 1450 cm-1 corresponding to Lewis 
sites and bands around 1540 cm-1 corresponding to Brønsted sites. Upon the fabrication 
into monolith, the Lewis sites on both HZSM-5 and HY zeolite are reduced while the 
Brønsted sites fairly retained. The employment of SAPO-34 contributed to the increase of 
Lewis acid sites due its intrinsic phosphorus atom as electron acceptor. This leads to 
various Brønsted to Lewis sites ratios in the investigated catalysts as shown in Table 2. 
 
3.2.  CATALYST TEST 
The catalytic performance of the catalysts in both powder and monolith forms were 
investigated in the conversion of n-hexane to light olefins at various reaction temperatures. 
The n-hexane conversion rates (Xn-hexane) as a function of time on stream are exhibited in 
Figure 7. All catalysts showed enhanced activity in n-hexane conversion under higher 
reaction temperature. Moreover, although ZP showed slightly higher n-hexane conversion 
than ZM and SZM under both reaction temperatures at initial stages of the reaction, it 
experienced an obvious decline within 24 h on stream. The monolithic catalysts, ZM and 
SZM, displayed a stable n-hexane conversion during the investigated time on stream. It is 
generally believed that coke formation in zeolite catalysts is the cause of its deactivation 
[63]. Factors such as external surface area [32], strong acid sites amount [64] and acid site 
density [65] influence the amounts of coked deposition. As discussed in the previous 
section, the strong acid sites amount of the monolith catalysts ZM and SZM are lower than 
that of ZP, leading to less deactivation by coke formation. It is apparent that the fabrication 
of monoliths, which possess diluting binder and monolith channels, decreased the acid sites 




showed slightly higher n-hexane conversion than bare ZM is in agreement with NH3-TPD 
data in which SAPO-34 growth enhanced the total acid sites amount of the monolith. 
Furthermore, the hierarchical zeolite monoliths with macro-meso-microporosity favored 
the mass transfer of the intermediates and products hence suppressed secondary reactions 
such as aromatics polymerization and reduced coke formation [24]. 
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Figure 7. Conversion of n-hexane as the function of time on stream on the investigated 
HZSM-5 and HY zeolites at (a) (c) 600 °C and (b) (d) 650 °C. Reactant, n-hexane; 





In the case of HY zeolite, powder (YP) and bare monolith (YM) showed similar 
activity in n-hexane conversion at 600 °C and 650 °C, as can be observed in Figure 7c and 
7d respectively. The n-hexane conversion over HY zeolite monolith coated with SAPO-34 
(SYM) was higher than the other two HY zeolite catalysts. This outstanding conversion 
rate could be attributed to the superior total acid sites amount by SAPO-34 growth. Unlike 
HZSM-5 zeolite catalyst, all HY catalysts, regardless of catalyst structure, retained their 
activity in n-hexane conversion within 24 h on stream. The comparison of the external 
surface area between ZP and YP could explain the remarkable stability of HY zeolite 
catalyst. It is typically considered that the coke formation mainly occurs on the external 
surface of the zeolite crystal [33]. YP with an external surface area of 303 m2g-1, much 
higher than ZP with 168 m2g-1, suffered much less deactivation caused from coke 
deposition. In addition, HY zeolite framework bears cages and channels with much larger 
dimension than that of HZSM-5 zeolite, as discussed in previous sections. Larger space 
lessened the coke deposition which was confined in cages of zeolite crystals. 
The products obtained from the n-hexane conversion over the investigated catalysts 
were found to be paraffin (C1–C5), olefins (C2=–C5=) and BTX (benzene, toluene, and 
xylene). Figure 8 a-d summarizes the selectivity to various hydrocarbons in three separate 
periods of the reaction: 1 h on stream, the initial period of the reaction; 10 h on stream, the 
medial period of the reaction; 24 h on stream, the final period of the reaction. To be 
conclusive, ethylene (C2=), propylene C3= and butylene (C4=), known as light olefins, are 
stacked in an individual column and plotted along with BTX, paraffin and other 




displayed and compared in the following order: powder zeolite, bare monolith and 




































































































Figure 8. Product distribution on the investigated HZSM-5 and HY zeolites at (a) (c) 
600 °C and (b) (d) 650 °C. Reactant, n-hexane; WHSV, 5 h-1; time on stream, 24 h, 
pressure, 1.01 bar. 
 
 
Figure 8a and 8b illustrate the product distribution over different HZSM-5 zeolite 
samples at 600 °C and 650 °C respectively. In all stages, bare monolithic HZSM-5 showed 
higher selectivity to light olefins and lower BTX selectivity than its powder counterpart 




formation of carbenium ion and then undergoes β-scission to give carbenium ion of lower 
carbon number and light olefins. The successive reactions of these light olefins produce 
BTX [66]. Javaid et al. reported that smaller acid concentration (total acid sites amount per 
unit mass) suppressed the formation of BTX [67, 68]. These findings match with the NH3-
TPD results: the acid sites amount decreased for monolith compared to powder sample. 
The same trend was also observed for HY powder (YP) and monolith catalysts. The highest 
selectivity to light olefins on HZSM-5 zeolite (53.0%) was found over ZM at 650 °C in 24 
h on stream while the highest on HY zeolite (57.9%) was obtained at 600 °C in 24 h on 
stream. It is noteworthy that the BTX selectivity on YP and YM were significantly small. 
This could be related to the large channels of the FAU framework which provide plenty of 
room for the reaction and adequate diffusion for the light olefins so that aromatization was 
suppressed.  
The effect of SAPO-34 growth on the products distribution varied with the reaction 
temperature, as well as the zeolite type. The presence of SAPO-34 on the monolith surface 
increased the light olefin selectivity and decreased BTX selectivity at 600 °C on HZSM-5 
zeolite whereas a reverse trend was observed at 650 °C. This could be explained by the fact 
that the aromatization of olefins on HZSM-5 is influenced by reaction temperature [38]. 
High reaction temperature favors the formation of BTX from hydrocarbons of lower carbon 
number. At 650 °C, boosted aromatization resulted in the reduction in light olefins and 
enhancement in BTX production. However, at 600 °C the acidity enhancement by SAPO-
34 growth on the monolith might promote the production of light olefins, but further 
aromatization to BTX was thermodynamically limited. On HY zeolite monoliths, SAPO-




significant improvement is the results of both surface property modification and the acidity 
enhancement. The highest BTX selectivity reached up to 27.5% over SYM at 600 °C. 
To verify the cause of catalyst deactivation and benefits of monolithic catalysts, 
TGA of the spent catalysts after 24 h of n-hexane cracking at 650 °C was carried out in the 
temperature range of 30 – 900 °C in a 60 mL min-1 air flow. Both TGA and corresponding 
DTA profiles were plotted and displayed in Figure 9.  All catalysts exhibited a significant 
 
 











































Figure 9. TGA (lower) and DTA (upper) profiles of the spent catalysts after n-hexane 
cracking at 650 °C. 
 
 
weight loss above 600 °C which represents the formation of ‘hard coke’ due to the activity 
on acid sites [69]. A peak in DTA profile for HZSM-5 powder (ZP) was observed at lower 




condensation and subsequent growth of coke precursor in the catalyst pore system.  Owing 
to the relatively high acid sites amount as well as the restricted diffusion of intermediates 
and products in the confined cages and channels, the most severe coke formation was found 
in HZSM-5 powder. It was in agreement with the rapid deactivation of ZP therefore related 
the good performance of monolithic catalysts with their hierarchical porous structures. 
 
4. CONCLUSION 
In summary, it is feasible and advantageous to fabricate monolithic catalysts with 
3D printing technology since it provides a rapid, cost-efficient and facile way of 
manufacture. The framework of the crystal and activity of the zeolite retained after 
fabrication into the monolith. The surface area and porosity were modified by the monolith 
fabrication but comparable to the power zeolite. Our catalytic results showed that zeolite 
acidity was also influenced by formulation into 3D-printed monoliths. The overall changes 
in the catalyst properties promoted the stability of HZSM-5 catalyst. The 3D-printed 
HZSM-5 monolith enhanced the selectivity to light olefins as a result of hierarchical pores 
and moderated acidity. SAPO-34 growth significantly tailored the characterizations of the 
zeolite monoliths. The most noteworthy effect was the increase of selectivity to BTX over 
3D-printed HY monolith. As a pioneering research in the 3D-printed active catalyst, the 
resulst presented in this work demonstrated this technique to be a promising alternative 
fabrication approach to synthesize structured catalysts in desired configurations with 
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ABSTRACT 
Herein, we report the synthesis of zeolite monoliths with various compositions and 
hierarchical porosity using 3D printing technique. In particular, several 3D-printed 
monoliths were synthesized from HZSM-5 and HZSM-5/silica followed by the growth of 
SAPO-34 crystals on as-synthesized monoliths via secondary growth method. The 3D-
printed zeolite monoliths exhibited hierarchical porosity with pore sizes ranging from 1.5 
nm to 1 µm. Characterization results revealed enhancement in mesopore volume and 
moderation of catalyst acidity as a result of formulation into the monolith structure. It was 
also found that incorporation of amorphous silica into the HZSM-5 monoliths further 
reduced the acid sites density. The obtained monoliths were evaluated in methanol-to-
olefins (MTO) reaction and found to exhibit higher stability than their powder counterparts. 
The selectivity to light olefins was significantly increased as a result of modification in 
both acidity and porosity of the monolith catalysts. SAPO-34 coating promoted the 
ethylene selectivity due to its intrinsic framework structure. Further investigation of the 




stemmed from their 3D-printed structure rather than their moderated acidity. Analysis of 
the spent zeolite monoliths by TGA-DTA indicated that the amount of polyaromatic 
species formed during the reaction was much less than that on the powder analogues, due 
to their diluted acid sites density, as proven by NH3-TPD and py-FTIR results. 
 




Methanol-to-olefins (MTO) reaction is an industrially important process to produce 
light olefins such as ethylene and propylene. Zeolites are generally the most widely used 
heterogeneous catalysts for this reaction mainly due to their tunable acidity, unique 
porosity and designable configuration [1-4]. Among various zeolites, SAPO-34 with CHA 
structure has been proven to be an efficient catalyst that exhibits high selectivity towards 
light olefins as a result of its proper acid sites strength and three-dimensional cage structure 
with 3.8×3.8 Å eight-ring channels [5]. However, severe coke formation over this catalyst 
is usually observed which limits its widespread use [6]. To extend the catalyst lifetime, 
HZSM-5 zeolite (MFI structure) with larger channels (4.7×4.5 Å) has been suggested as 
an alternative catalyst due to its relatively high olefins selectivity [7]. Over the past few 
years, significant efforts have been made to increase olefins yield over HZSM-5 zeolite by 
either modification of the catalyst composition or configuration. The realization of the 




while the latter is through alteration of particle size and porosity, and fabrication of 
structured catalysts [8-13]. 
Monolithic catalysts with various types of interconnected or separated channels 
[14], have been widely used in environmental applications such as the removal of SOx/NOx 
from automotive exhaust gases [15-19] and selective catalytic reduction (SCR) process 
[20-23]. With low pressure drop, high thermal stability, great mechanical integrity, and 
high mass transfer characteristics, monolithic structures are promising alternative to 
conventional pellets and beads [24]. Such configurations have been previously utilized in 
the MTO reaction. For instance, Li et al. [25] synthesized ZSM-5 monolith with tetramodel 
porosity and reported good activity and selectivity to propylene for this monolith. In 
another study, Ivanova et al. [12] coated ZSM-5 zeolite on β-SiC monolith and tested the 
supported catalyst in the MTO reaction. The authors reported higher activity and selectivity 
for ZSM-5@β-SiC monolith than for the powdered zeolite prepared under the same 
synthesis conditions. Comparison between ZSM-5 monolith foam and its pelletized form 
by Lee et al. [26] illustrated that structured catalyst displayed higher selectivity to light 
olefins with enhanced mass transport characteristics. 
Monolithic catalysts are conventionally prepared via extrusion process [27-29]. 
Unique dies with specific sizes and shapes are dispensable for this method which restrict 
the diversity of catalyst configuration and increase total fabrication costs. With the 
emerging three-dimensional (3D) printing technique and its broad application in 
fabricating various materials [30], the preparation of monolithic catalysts via this method 
opens new opportunities. Precise fabrication with desired configuration, high productivity 




method. Recently, Tubío et al. [31] employed 3D-printing technique for preparation of a 
heterogeneous copper-based catalyst and reported high mechanical strength, acceptable 
reactivity, and possible recyclability in a model Ullmann reaction. Lefevere et al. [32] 
prepared a stainless-steel support using three-dimensional fiber deposition (3DFD) 
technology first and then wash-coated it with ZSM-5. The coated structures exhibited 
beneficial effect on the selectivity and activity of the catalyst in the MTO reaction. Most 
recently, Rezaei and coworkers [33-35] successfully prepared monoliths of porous 
materials like zeolites, aminosilicates, and metal-organic frameworks (MOFs) and utilized 
them for CO2 adsorption. The monoliths displayed excellent adsorption uptake comparable 
to that of powder sorbents and good mechanical integrity. Considering its significance in 
catalytic reactions, the study of 3D-printed monolithic zeolite catalyst is scarce. 
Motivated by the advantages of 3D printing technique to prepare monolithic 
catalysts, we synthesized HZSM-5 monoliths using our lab-scale 3D printer. To improve 
the catalyst performance, SAPO-34 crystals were grown on the HZSM-5 monoliths using 
secondary growth approach. The characterizations of the 3D-printed monoliths were 
carried out by various techniques such as XRD, SEM, N2 physisorption, NH3-TPD, TGA-
DTA, FTIR, MAS NMR and compressive test. The catalytic performance of the 3D-printed 
monoliths was tested in the MTO reaction and compared with that of powdered zeolites. 
 
2. EXPERIMENTAL SECTION 
2.1.  PREPARATION OF 3D-PRINTED ZEOLITE MONOLITHS 
Monoliths of HZSM-5 zeolite (M1) and HZSM-5 diluted with amorphous silica 




SiO2/Al2O3 = 50) and amorphous silica (Tixosil).  Prior to synthesis, ammonia-ZSM-5 was 
calcined at 823 K for 6 h to produce parent HZSM-5 powder. The desired amounts of 
HZSM-5/silica powder were stirred with bentonite clay (Sigma-Aldrich), which was used 
as a binder [36], using a high-performance agitator (Model IKA-R25). Sufficient distilled 
water was then added until a homogeneous slurry was obtained. The aqueous paste with 
extrudable viscosity was obtained after adding methyl cellulose (Thermo Fisher), as a 
plasticizer, with sufficient stir. The paste was loaded into a 10 mL syringe (Techcon 
Systems) furnished with a nozzle of 0.60 mm in diameter. The synthesis of the monolith 
was carried out on a lab-scale 3D printer, prior to which the program of printing paths was 
designed by AutoCAD software and coded by Slic3r. The paste was dispensed and 
deposited on an alumina substrate layer-by-layer to form a honeycomb-like monolith. The 
fresh 3D-printed monoliths were dried overnight and then calcined for 6 h at 873 K to 
remove methyl cellulose. The uniform cylindrical monolith possessed 50% infill density 
leading to a 0.60 mm wall thickness and 1.20 mm2 channel length. The optical image of 
the monoliths is shown in Figure 1 and the composition of the samples are listed in Table 
1. Both M1 and M2 were prepared in two sizes. Samples with 20 mm in diameter were 
used for characterization while 10 mm sizes were used for catalyst tests. It is worth 
mentioning here that to study the effect of amorphous silica on the monoliths properties 
and performance, a silica monolith was also prepared, denoted as M3, for mechanical 
strength investigation, although it is barely active. Parent H form of ZSM-5 power is 






2.2.  GROWTH OF SAPO-34 ON 3D-PRINTED ZEOLITE MONOLITHS 
The method used to grow SAPO-34 crystals on monolith surface was reported in 
our previous work [37]. Monoliths with SAPO-34 crystals were denoted as SPM1, SPM2 
and SPM3 with a prefix “SP” listed in Table 1. The loading of SAPO-34 was determined 








Table 1. Composition of the 3D-printed monoliths. 









M1 87.50 - 10 2.5 - 
M2 43.75 43.75 10 2.5 - 
M3 - 87.50 10 2.5 - 
SPM1 87.50 - 10 2.5 4.6 % 
SPM2 43.75 43.75 10 2.5 5.8 % 




2.3.  CHARACTERIZATION OF 3D-PRINTED ZEOLITE MONOLITHS 
PANalytical X’Pert multipurpose X-ray diffractometer was used to obtain the X-
ray diffraction (XRD) patterns. It was operated at 40 kV and 40 mA with Cu-Kα1 
monochromatized radiation (λ= 0.154178 nm) and the scanned angle range (2θ) from 5° to 
50° at a rate of 2.0° min-1. Textural properties such as total surface area, external surface 
area, and pore size distribution (PSD) were estimated using Brunauer-Emmett-Teller (BET) 
equation, t-plot, and Barrett-Joyner-Halenda (BJH) methods, respectively, based on the N2 
physisorption analysis carried out by a Micromeritics 3Flex surface characterization 
analyzer at 77 K. Before the measurements, all samples were degassed at 573 K for 6 h. 
Morphology of the materials was analyzed with a field-emission scanning electron 
microscopy (Hitachi S-4700). Temperature-programmed desorption of ammonia (NH3-
TPD) was carried out to evaluate acid properties. NH3 adsorption was performed under a 
flow of 5 vol% NH3/He. The desorption of NH3 was measured from 373 K to 873 K at a 
heating rate of 10 K min−1. A mass spectroscopy (MicrotracBEL, BELMass) was used to 
detect the quantity of NH3 desorption. The Brønsted and Lewis acid sites were estimated 
by ex-situ pyridine-adsorption Fourier-transform infrared spectroscopy (py-FTIR) using a 
Bruker Tensor spectrophotometer. The catalysts were firstly activated at 673 K for 4 h to 
remove moisture and then cooled down to 313 K for adsorption of pyridine until saturation.  
Since all monolith samples contained bentonite clay (with high proportion of Al), as a 
binder, it was not possible to obtain reasonable results with 27Al MAS NMR and therefore 
this measurement was not included.  However, since Si and Al are highly correlated in the 
zeolite framework, 29Si MAS NMR, can reflect the stability of the samples. Magic angle 




obtained using a Bruker 400 MHz FT spectrometer. The spectra were collected using a 4 
mm probe spinning at 10 kHz. Mechanical testing was performed with an Instron 3369 
(Instron, Norwood, MA, USA) mechanical testing device. Monolith samples were polished 
with smoothing sandpaper to provide smooth and parallel surfaces. Then they were placed 
between two metal plates and compressed with a 500 N load cell at 2.5 mm/min while the 
applied load and displacement of the monolith surfaces were recorded. The spent catalysts 
after MTO reaction were analyzed by thermogravimetric analysis-differential thermal 
analysis (TGA-DTA) using a Q500, TA Instruments. The temperature was raised from 303 
K to 1173 K, at a rate of 10 K/min in a 60 mL min-1 air flow. 
 
2.4.  CATALYTIC TEST 
The catalytic performance of 3D-printed zeolite monoliths and their powder 
counterparts were evaluated in the MTO reaction. The setup of the fixed-bed reactor is 
shown in Figure 2. A flow of nitrogen, acted as carrier gas, saturated with methanol at 303 








mm. The flow rate was controlled by a mass flow controller (Brooks, 5850). About 0.3 g 
of each catalyst was tested under 623 K and 673 K at 1.01 bar with different weight hourly 
space velocity (WHSV) of 0.35 h-1 and 1.06 h-1. Prior to the reaction, the catalysts were 
activated in-situ at 823 K in nitrogen flow for 2 h. The products were analyzed every hour 
using an on-line gas chromatography (SRI 8610C) equipped with a flame ionized detector 
(GC-FID) connected to mxt-wax/mxt-alumina capillary column for hydrocarbons. The 
inlet tube was kept heated at 383 K using a heating tape. Moreover, the effluent line of the 
reactor till GC injector was kept at 418 K to avoid potential condensation of hydrocarbons. 
 
3. RESULTS AND DISCUSSION 
3.1.  CHARACTERIZATION OF 3D-PRINTED ZEOLITE MONOLITHS 
The XRD patterns of the as-synthesized monoliths are presented in Figure 3. As 
illustrated, the crystallinity of the zeolite was well retained after formulation into the 
monoliths.  For M1 and M2 samples, characteristic peaks of MFI structure at 2θ = 7.96°, 
8.88°, 23.2° and 23.9° were identified which corresponded to (101), (200), (501) and (303) 
planes, respectively. The lower intensity of the peaks in M2 spectrum than in M1 stems 
from the dilution of zeolite with silica [38]. The CHA characteristic peaks at 2θ = 9.4°and 
20.5° in the spectra of SPM1 and SPM2 samples suggest the existence of SAPO-34 crystals. 
Since these peaks refer to (101) and (211) planes respectively, the predominant peak at 2θ 
= 9.4° indicates that the growth of the SAPO-34 crystals was highly oriented on all the 
























The SEM images of the catalysts are presented in Figure 4. Compared with the 
parent HZSM-5 powder (Figure 4a), the 3D-printed HZSM-5 monolith (M1) displayed 
bulk agglomeration of zeolite particles due to the use of binder and also the calcination of 
the monolith (Figure 4b). The networks of sintered zeolite particles formed a porous 
structure with voids having sizes on the order of 200 - 1000 nm [33]. It should be noted 
here that the removal of methyl cellulose after calcination also generated mesopores in the 
monoliths. The M2 monolith in Figure 4c showed similar morphology to the M1 sample 
but with a rougher surface. The distinction in surface properties is more apparent in Figure 
4d and 4e under smaller magnifications in which the monoliths were used as the substrate 
for SAPO-34 growth. The rough surface of M2 might be attributed to the small size of 






Figure 4. SEM image of (a) parent HZSM-5 powder; (b) the surface of M1; (c) the 
surface of M2; (d) the cross section of SPM1; (e) cross sectional view of SPM2; (f) top 
view of SPM1. 
 
 
views of SPM1. It is clearly illustrated that compact cubic CHA particles were grown on 
the monolith surface, forming a uniform SAPO-34 layer. An average crystal size of 3.4 μm 
was obtained for SAPO-34 with a thickness of 5 μm. Unlike randomly orientated SAPO-
34 membranes with evenly distributed XRD peaks [40-42], the SAPO-34 crystals in this 
work have regular cubic outline, which further verifies the formation of highly oriented 
crystals, in agreement with the XRD patterns. The cross sectional view of SPM2 shown in 
Figure 4f confirmed a film thickness of 10.0 μm for SAPO-34 layer. Previous 
investigations have shown that the support surface properties have significant effects on 
the thickness of the grown zeolite film [43]. Herein, it is proposed that due to the 
employment of silica in SPM2, there were more mesopores formed on the monolith surface, 




grow. This is also reflected by the greater CHA peak intensity of the SPM2 at 2θ = 9.4o 
than that of SPM1, as stated before. 
The nitrogen physisorption isotherms and PSD profiles of the materials are 
presented in Figure 5. HZSM-5 powder exhibited Type I isotherm with micropores 
distributing in the range of 1-2.0 nm, whereas the amorphous silica was featured by its 
Type IV isotherm with a broad range of pores from 2 to 50 nm. As with M1 and SPM1 
monoliths, a similar isotherm type to HZSM-5 powder was obtained except for different 
hysteresis loops. The comparison between the PSD profiles of HZSM-5 powder and M1 
sample in Figure 5a and 5b implies that the micropore volume decreased while mesopores 
volume increased after zeolite formulation into the monolith. This is mainly due to the 
addition of the binder and the removal of the methyl cellulose. Table 2 lists the 
corresponding textural properties of the monoliths and their parents HZSM-5 and silica 
powders. Considering silica’s external surface area of 305 m2/g, and the nano-scale particle 
size (12 ± nm) provided by the supplier, the outstanding high mesopore volume in silica-
containing samples (silica powder, M2, SPM2, M3, SPM3) was contributed from the small 
particle size of silica. The M2 monolith displayed large mesopore volume of 0.54 cm3/g as 
a result of the presence of silica and formulation into the monolith. As demonstrated in 
Figure 5, both M1 and M2 showed hierarchical porosity [44, 45]. In addition to the 1.2 mm 
channels, the 3D printing technique produced monoliths with macro-meso-micropores [46, 
47]. As with M1 and SPM1 monoliths, the PSD curves in Figure 5b and the pore volumes 
in Table 2 suggest that the addition of SAPO-34 layer decreased the porosity of the 
monoliths. Since the SAPO-34 crystals were grown from seeds, which were small enough 




schematically shown in Figure 6. This effect is more significant in M2/SPM2 and 































































































































Figure 5. N2 physisorption isotherms and PSD (insets) of (a) pure HZSM-5 and 
silica, (b) M1 and SPM1, (c) M2 and SPM2, and (d) M3 and SPM3. The PSD was 























ZP 429 261 168 0.30 0.13 0.17 
Silica 326 21 305 1.02 0.01 1.01 
M1 372 213 159 0.30 0.11 0.19 
SPM1 336 206 130 0.27 0.10 0.17 
M2 323 119 204 0.60 0.06 0.54 
SPM2 269 174 95 0.47 0.09 0.38 
M3 291 17 274 0.90 0.01 0.89 
SPM3 169 92 77 0.67 0.05 0.62 
a SBET was estimated by analyzing nitrogen adsorption data at p/p0 = 0.05-0.3. 
b Micropore area and micropore volume were determined using t-plot method. 




Figure 6. Schematic of monolith surface topology and porosity affected by SAPO- 




The mechanical strength of the 3D-printed monolith catalysts was assessed by 
compression test. The sample size used in this test was 10 mm in diameter with 50% infill 
density. Figure 7a shows the compressive load applied on the monoliths as a function of 
displacement of the monolith surfaces in axial direction. Initially, the displacement was 
increased with the applied load. The maximum force after which a drop occurred is 
regarded as the critical load that causes the monolith collapse. Three specimens were tested 
for each sample and the critical load for various samples are shown in Figure 7b. It is 
obvious that with higher silica content the monoliths tend to be stronger. This could be 
attributed to the small size of the parent silica powder which underwent less deformation 
when force was applied [48]. 
 
 





















































Figure 7. Compressive strength of 3D-printed monoliths: (a) Compressive load versus 







The NH3-TPD profiles of the zeolite powder, the bare monoliths and SAPO-34 
grown monoliths are presented in Figure 8a. All samples showed acid sites with two 
strengths: weak acid sites from which ammonia was desorbed at 474-490 K and strong acid 
sites at 629-676 K, as listed in Table 3. The comparison between ZP and M1 suggests that 
formulation into monolith decreased strong acid sites amount and increased weak acid sites 
simultaneously. Additionally, M2 possessed almost half of the total acid sites amount as 
compared with M1 (0.239 mmol g-1 and 0.570 mmol g-1, respectively) due to the presence 
of silica in its structure. Furthermore, for M2 monolith, both weak and strong acid sites 
were decreased due to the incorporation of the amorphous silica. The fact that the amount 
of strong acid sites of M2 was decreased dramatically suggests that silica employment not 
only affected the acid sites amount but also the acid strength. The growth of SAPO-34 on 
both monoliths enhanced the total amount of acid sites on the monolith surface. Notably, 
the amount and strength of weak acid sites were reduced after SAPO-34 growth on both 
3D-printed monoliths. This implies that the increase in total acid sites amount stemmed 
from the increase in strong acid sites amount. To have a better understanding of the type 
and density of the acid sites of the monoliths, we performed py-FTIR measurements. In 
Figure 8b, the IR peaks appeared at around 1540 and 1450 cm-1 were attributed to the 
Brønsted (B) and  Lewis (L) acid sites, respectively; whereas the band at around 1488 cm-
1 was ascribed to the combination of B and L acid sites [49]. Corresponding B and L acid 
sites amounts calculated from the py-FTIR intensity are also tabulated in Table 3, which 
imply that formulation into monolith resulted in less B acid sites and slightly more L acid 
sites. Comparison of the density of B and L sites of M1 and M2 monoliths revealed that 















































Figure 8. NH3-TPD profiles (a) and py-FTIR spectra (b) of the HZSM-5 powder and the 
corresponding 3D-printed monoliths. 
 
 
Table 3. Acid site distribution of the 3D-printed monoliths. 
Sample 
Weak acid peak Strong acid peak Total Acid 
amount 
(mmol g-1) 
L acid site 
(mmol g-1) 
B acid site 






ZP 490 0.268 676 0.309 0.577 0.174 0.403 
M1 487 0.365 651 0.205 0.570 0.194 0.376 
SPM1 481 0.352 654 0.277 0.629 0.220 0.409 
M2 479 0.220 666 0.018 0.239 0.119 0.120 






3.2.  CATALYST TESTING 
The catalytic performance of the 3D-printed monolithic catalysts and their parent 
HZSM-5 powder were tested in the MTO reaction at two temperatures and two space 
velocities for 15 h of time-on-stream (TOS) and the methanol conversion (XMeOH) results 
are shown in Figure 9. All catalysts exhibited enhanced methanol conversion at higher 
temperature. It can be observed that although HZSM-5 powder showed slightly higher 
conversion than its monolith counterpart M1 within the initial stage of the reaction, a 
notable decline in conversion was observed after around 12 h TOS, while M1 was found 
to be stable in the activity. The initial lower methanol conversion over M1 might be the 
consequence of the formation of hierarchical porosity and channels in monolith which 
promotes mass transfer through the catalyst bed. The M2 monolith, on the other hand, 
showed much lower conversion under the same conditions than the M1 especially at 623 
K, which could be attributed to its diluted zeolite content. This is in accordance with the 
acidic property results obtained from NH3-TPD and py-FTIR measurements. Furthermore, 
both M1 and M2 activities were enhanced by the addition of SAPO-34 crystals, as evident 
from the promoted methanol conversion over SPM1 and SPM2 due to the promising 
efficiency of SAPO-34 in the MTO reaction [50]. Overall, all monoliths exhibited better 
stability in catalytic MTO reaction than the HZSM-5 powder. Since it has been broadly 
accepted that the deactivation of zeolite catalysts in the MTO conversion is mainly caused 
by coke formation occurred on confined zeolite framework cages and channels which block 
the active sites [51, 52], it is proposed that the formulation of zeolite into the monolith 
structure reduces the coke deposition in MTO reaction as a result of hierarchical porous 
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Figure 9.  Methanol conversion (XMeOH) as a function of time-on-stream over all the 
investigated catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1; (b) temperature: 623 K, 
WHSV: 1.06 h-1; (c) temperature: 673 K, WHSV: 0.35 h-1; and (d) temperature: 673 K, 
WHSV: 1.06 h-1. 
 
 
To better differentiate between the effects of diluted acidity and hierarchical pore 
structure on catalytic performance of the monoliths, we performed a control experiment in 
which a physical mixture of HZSM-5 and bentonite clay (with the same composition as 
M1) was tested at 673 K with WHSV=1.06 h-1 and compared its catalytic performance 
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Figure 10.  (a) Methanol conversion (XMeOH) and selectivity to ethylene/propylene as a 
function of time-on-stream over M1 and HZSM-5/binder mixture at 673 K and 
WHSV=1.06 h-1; (b) TGA (lower) and DTA (upper) profiles of the spent M1 and HZSM- 





at the same level at the initial stage of the reaction, however it was dropped from 95 to 90 % 
over the powder mixture due to the slight deactivation while it remained at the same level 
over M1. Furthermore, the olefins profiles in Figure 10a suggest that the selectivity towards 
ethylene and propylene were higher over 3D-printed monolith than over the powder 
mixture. The deactivation due to coke formation was confirmed by TGA-DTA profiles 
shown in Figure 10b. Notably, the appearance of a broad peak for HZSM-5/binder mixture 
indicated that various coke species were generated over this physical mixture, similar to 
ZP. Overall, since the contents of both catalysts were the same, it testified that the cause of 
better performance of M1 was mainly stemmed from its 3D-printed structure rather than 
its moderated acidity caused by the binder (i.e., clay). 
The selectivity toward ethylene and propylene as a function of TOS over the 3D-
printed monoliths and HZSM-5 powder are illustrated in Figures 11 and 12. As can be 
observed, the light olefins selectivity over 3D-printed monoliths was enhanced in 
comparison to the HZSM-5 powder. As stated before, the 3D-printed structure is the main 
factor promoting the catalytic performance of the monoliths. The outstanding ethylene 
selectivity over M2 approved the further strategy (i.e., the addition of amorphous silica) to 
promote the catalysts. For instance, from Figure 11b, the selectivity to ethylene over M1 
and M2 at 623 K and 1.06 h-1 were found to be 26.6 and 37.1%, respectively. It is widely 
accepted that factors such as reaction temperature, space velocity, catalyst acid property, 
and intermediate/product mass transfer can significantly affect the product distribution of 
a heterogeneous catalytic reaction. The remarkably high ethylene selectivity of M2 under 
this condition stems from the combination of mild reaction temperature [53], moderate 




[55, 56]. Although considering the methanol conversion rate of ca. 68.6% under these 
conditions, the total throughput of ethylene was limited, the strategy of silica incorporation 
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Figure 11.  Ethylene selectivity as a function of time-on-stream over all the investigated 
catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1; (b) temperature: 623 K, WHSV: 





Analyzing the catalytic results revealed that the effect of SAPO-34 on selectivity 
to ethylene and propylene was different in most cases. SAPO-34 tends to increase ethylene 
selectivity whereas to decrease the selectivity towards propylene. This might be attributed 
to the fact that chances of ethylene, with a kinetic diameter of 4.0 Å, to transfer through  
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Figure 12.  Propylene selectivity as a function of time-on-stream over all the 
investigated catalysts at (a) temperature: 623 K, WHSV: 0.35 h-1; (b) temperature: 623 K, 
WHSV: 1.06 h-1; (c) temperature: 673 K, WHSV: 0.35 h-1; and (d) temperature: 673 K,  




SAPO-34 molecular sieve of 3.8 Å channels are higher than propylene, with kinetic 
diameter of 4.9 Å [57]. The only exception observed in SPM2 and M2, in which M2 
showed slight higher ethylene selectivity than SPM2. This might be ascribed to the 
presence of silica in M2, which had more significant effect on ethylene selectivity than the 
SAPO-34 coating. 
Besides ethylene and propylene, the products generated from methanol conversion 
over the zeolite catalysts mainly consisted of butylene, paraffin (C1-C4), BTX (benzene, 
toluene and xylene) and other hydrocarbons with C5+, as determined by the GC. The 
distribution of the products in 5 h on stream over various catalysts under different 
conditions are listed in Table 4. It is important to emphasize here that BTX selectivity over 
HZSM-5 powder was significantly higher than the other byproducts. It has been previously 
proven that aromatic hydrocarbons such as BTX compounds are the precursors of coke 
formation in MTO over zeolites [58-60]. Figure 13 displays the TGA and the 
corresponding DTA profiles for the investigated catalysts after 16 h of MTO reaction at 
673 K with a WHSV of 0.35 h-1.  As evident, ZP showed a broad and strong DTA peak in 
the range of 623 to 973 K, indicating the formation of different species of polyaromatics, 
which are mainly heavy compounds of coke precursors. For monolith catalysts, M1 
exhibited a much smaller amount of coke formation of around 1.1% than that of 3.8 % 
over its powder counterpart. The peak position was shifted to lower temperature indicating 
that the coke formed over monolith catalyst was lighter. The fact that coke formation in 
SPM1 is slightly severer than in M1 can be attributed to the coverage of SAPO-34 crystals, 




coke formation observed in both M2 and SPM2 was sparse due to the hierarchical porosity 
as well as their diluted acid site density and the limited methanol conversion over them. 
 
 







Hydrocarbon selectivity (%) 
C2= C3= C4= Total light 
olefins 
BTX C1-C4 Others 
ZP 0.35 623 91 9.1 8.9 3.7 21.8 19.0 51.6 7.8 
 673 98 7.7 11.7 4.1 23.5 17.2 53.0 6.5 
 1.06 623 89 12.7 14.1 11.0 37.7 17.4 40.9 4.9 
  673 97 12.8 17.0 10.8 40.6 14.9 41.0 4.2 
M1 0.35 623 90 17.8 21.7 4.7 44.2 13.0 39.0 4.2 
  673 95 12.8 24.4 6.2 43.4 15.7 38.0 3.0 
 1.06 623 89 22.4 36.5 4.5 63.4 8.4 24.2 4.4 
  673 95 14.9 27.5 5.2 47.6 10.5 38.0 4.2 
SPM1 0.35 623 98 21.1 19.0 2.1 42.2 14.7 39.4 3.7 
  673 100 16.9 18.8 4.2 39.9 9.5 45.0 5.7 
 1.06 623 94 23.9 23.1 3.6 50.6 11.6 35.0 3.2 
  673 99 19.5 24.4 4.7 48.6 9.6 38.2 3.8 
M2 0.35 623 74 28.8 31.3 4.6 64.7 6.9 24.2 4.0 
  673 89 16.0 27.5 3.1 46.6 7.0 42.8 4.3 
 1.06 623 69 35.2 26.6 2.8 64.7 12.6 18.2 4.7 
  673 85 19.3 31.8 3.2 54.4 11.2 31.0 4.0 
SPM2 0.35 623 85 26.9 25.8 2.1 54.8 10.7 36.4 2.8 
  673 98 13.3 24.3 2.5 40.1 10.8 45.3 4.0 
 1.06 623 77 33.8 19.7 2.7 56.2 12.4 28.2 4.1 









































Figure 13.  TGA (lower) and DTA (upper) profiles of the spent catalysts after methanol  
dehydration at temperature: 673 K, WHSV 0.35 h-1. 
 
 
The MTO process over zeolite is generally described by hydrocarbon-pool 
mechanism proposed by Dahl et al. [61-63], as shown in Figure 14a. In this conversion 
over acidic catalysts, light olefins are formed from an equilibrium mixture of methanol and 
dimethyl ether. These olefins are methylated to higher olefins, which in turn are 
catalytically cracked again to lower olefins. Olefins, however, also react to paraffins and 
aromatics via hydrogen transfer and subsequently form coke [64]. Hydrogen transfer route 
on HZSM-5 takes place mostly between two olefin species on Brønsted acid sites, usually 
the strong acid [65]. As shown previously the 3D-printed M1 and M2 monoliths possessed 




aromatics. Similarly, compared with the bare monolith, SAPO-34 layer increased total acid 
sites amount, hence enhanced the methanol conversion rate, as evident in Figure 9. The 
increased amount of Brønsted acid cites was also the cause of the decreased selectivity 
towards light olefins. Unlike powder HZSM-5 catalyst, the monoliths with hierarchal 
porosity offer rapid mass transfer through the mesopores and monolith channels, making 
the escape of the aromatics in the hydrocarbon pool easier, thus suppressing the growth of 
aromatics which later became the coke. This hypothesis has been verified by the TGA-
DTA results of the spent catalysts and the analysis of products distribution. On the basis of 
the obtained results, we proposed a promoted MTO process over monolith, as 
schematically depicted in Figure 14b. 
As another control experiment, 3D-printed amorphous silica monolith (M3) was 
prepared and coated with a SAPO-34 film in a similar manner as the other monoliths. This 
monolith (SPM3) was tested at 673 K and WHSV=1.06 h-1 to investigate the effect of 
SAPO-34 layer on the methanol conversion and the selectivity towards ethylene and 
propylene, the results of which are displayed in Figure 15. The peaks for CHA framework 
shown in the inset graph of Figure 15 suggested the successful growth of SAPO-34 crystals 
on the silica monolith, with zeolite loading of 7.2%, as listed in Table 1. Due to the low 
loading of active component SAPO-34 on the inert silica surface, the methanol conversion 
over SPM3 monolith was low (60-65%). Furthermore, a relatively high selectively towards 
ethylene obtained over SPM3 (31-36%) implied that SAPO-34 indeed caused the increase 
in ethylene over SPM1 and SPM2 in comparison to M1 and M2 monoliths. Similarly, it is 
rational to attribute the lower propylene selectivity of SPM1 to the limited selective nature 





Figure 14.  Schematic of (a) the MTO reaction pathway [60], (b) the formation of coke  

































 Selectivity to ethylene









Figure 15.  Methanol conversion (XMeOH) and selectivity to ethylene/propylene as a 




The 29Si NMR spectra of the fresh and spent catalysts (HZMS-5 powder, M1 and 
M2) are shown in Figure 16. The fresh HZSM-5 powder displayed a chemical shift at -
113.05 ppm which was contributed from Q4 of Si-(OSi)4 to ca. -114.5 ppm and Q3 of Si-
(OSi)3(OAl)1 to ca. -105.8 ppm [66]. The displacement of the peak from -113.05 to -113.14 
indicates the decrease in Si-(OSi)3(OAl)1 with respect to Si-(OSi)4 [59]. A similar change 
was also observed on monolith catalysts with larger displacement. This change in chemical 




generally found in the steam-generating reactions such as methanol to hydrocarbons. A 
severer dealumination over monolith catalyst is the result of hierarchical porosity and 
promoted mass transfer. Interaction of steam with aluminum is more facile and thus caused 
structural modification. Taking the long reaction time of 15 h into consideration, the change 




























Figuer 16.  29Si MAS NMR spectra of the fresh and spent catalysts after 15 h of reaction  





This work described the experimental studies focusing on the synthesis of 
customized 3D-printed zeolite monoliths with a hierarchical (macro-meso-microporous) 
pore network. The incorporation of amorphous silica into the HZSM-5 monolith and 
SAPO-34 coating via secondary growth method were applied to fine-tune the porosity and 
acidity of the zeolite monoliths. The formulation into the monolith structure favored the 
mass transfer and increased the stability of the catalysts. The incorporation of amorphous 
silica further contributed to formation of additional mesopores and reduction in acid sites 
density. The growth of SAPO-34 caused pore clogging which reduced mesopores volume 
dramatically, whereas both Brønsted and Lewis acid sites were increased by growth of 
SAPO-34 crystals. Catalytic evaluation of the zeolite monoliths in the MTO reaction 
revealed that the selectivity toward light olefins was favored by the 3D-printed structure. 
Due to the reduced Brønsted acid sites, the hydrogen transfer route in the MTO reaction 
was mitigated and therefore production of paraffins and aromatics was suppressed, which 
in turn minimized the degree of coke formation. The formulation of catalysts into the 
monolith caused an increase in weak acid sites and a decrease in strong acid sites while the 
total acid sites amount retained. It was also found that the addition of silica dramatically 
decreased total acid sites amount. Overall, our catalyst tests results revealed that both the 
monolith structure and the silica employment contributed to the better catalytic 
performance of the 3D-printed monoliths. Although slight dealumination was found on 
3D-printed monoliths after the MTO reaction, it was considered to be a stable structured 




zeolite monoliths with tunable properties by 3D printing method that can be tailored for 
specific chemical reactions. 
 
ACKNOWLEDGEMENT 
We thank the University of Missouri Research Board (UMRB) for supporting this 
work and Materials Research Center (MRC) of Missouri S&T for SEM and XRD. 
 
REFERENCES 
[1] J. Cejka, A. Corma, S. Zones, Zeolites and catalysis: synthesis, reactions and 
applications, John Wiley & Sons, 2010. 
[2] M. Stöcker, Methanol-to-hydrocarbons: catalytic materials and their behavior, 
Microporous and Mesoporous Materials, 29 (1999) 3-48. 
[3] A.T. Aguayo, A.G. Gayubo, R. Vivanco, M. Olazar, J. Bilbao, Role of acidity and 
microporous structure in alternative catalysts for the transformation of methanol into 
olefins, Applied Catalysis A: General, 283 (2005) 197-207. 
[4] C.D. Chang, A.J. Silvestri, The conversion of methanol and other O-compounds to 
hydrocarbons over zeolite catalysts, Journal of Catalysis, 47 (1977) 249-259. 
[5] X. Li, A. Kant, Y. He, H.V. Thakkar, M.A. Atanga, F. Rezaei, D.K. Ludlow, A.A. 
Rownaghi, Light olefins from renewable resources: Selective catalytic dehydration 
of bioethanol to propylene over zeolite and transition metal oxide catalysts, 
Catalysis Today, 276 (2016) 62-77. 
[6] B.P.C. Hereijgers, F. Bleken, M.H. Nilsen, S. Svelle, K.-P. Lillerud, M. Bjørgen, 
B.M. Weckhuysen, U. Olsbye, Product shape selectivity dominates the Methanol-
to-Olefins (MTO) reaction over H-SAPO-34 catalysts, Journal of Catalysis, 264 
(2009) 77-87. 
[7] S. Svelle, F. Joensen, J. Nerlov, U. Olsbye, K.-P. Lillerud, S. Kolboe, M. Bjørgen, 
Conversion of Methanol into Hydrocarbons over Zeolite H-ZSM-5:  Ethene 
Formation Is Mechanistically Separated from the Formation of Higher Alkenes, 




[8] T.-S. Zhao, T. Takemoto, N. Tsubaki, Direct synthesis of propylene and light olefins 
from dimethyl ether catalyzed by modified H-ZSM-5, Catalysis Communications, 7 
(2006) 647-650. 
[9] J.C. Védrine, A. Auroux, P. Dejaifve, V. Ducarme, H. Hoser, S. Zhou, Catalytic and 
physical properties of phosphorus-modified ZSM-5 zeolite, Journal of Catalysis, 73 
(1982) 147-160. 
[10] C. Mei, P. Wen, Z. Liu, H. Liu, Y. Wang, W. Yang, Z. Xie, W. Hua, Z. Gao, 
Selective production of propylene from methanol: Mesoporosity development in 
high silica HZSM-5, Journal of Catalysis, 258 (2008) 243-249. 
[11] K.R. Graziani, A.V. Sapre, Conversion of methanol to olefins using large size 
catalyst particles, in, Google Patents, 1985. 
[12] S. Ivanova, B. Louis, B. Madani, J. Tessonnier, M. Ledoux, C. Pham-Huu, ZSM-5 
coatings on β-SiC monoliths: possible new structured catalyst for the methanol-to-
olefins process, The Journal of Physical Chemistry C, 111 (2007) 4368-4374. 
[13] A.A. Rownaghi, J. Hedlund, Methanol to Gasoline-Range Hydrocarbons: Influence 
of Nanocrystal Size and Mesoporosity on Catalytic Performance and Product 
Distribution of ZSM-5, Industrial & Engineering Chemistry Research, 50 (2011) 
11872-11878. 
[14] M.M. Manfe, K. Kulkarni, A. Kulkarni, Industrial application of monolith 
catalysts/reactors, Int. J. Adv. Eng. Res. Stud.(E-ISSN2249–8974), (2011). 
[15] T. Boger, A.K. Heibel, C.M. Sorensen, Monolithic Catalysts for the Chemical 
Industry, Industrial & Engineering Chemistry Research, 43 (2004) 4602-4611. 
[16] K.C. Taylor, Nitric oxide catalysis in automotive exhaust systems, Catalysis 
Reviews—Science and Engineering, 35 (1993) 457-481. 
[17] M.V. Twigg, Progress and future challenges in controlling automotive exhaust gas 
emissions, Applied Catalysis B: Environmental, 70 (2007) 2-15. 
[18] H. Gandhi, G. Graham, R.W. McCabe, Automotive exhaust catalysis, Journal of 
Catalysis, 216 (2003) 433-442. 
[19] G.S. Bugosh, M.P. Harold, Impact of Zeolite Beta on Hydrocarbon Trapping and 
Light-Off Behavior on Pt/Pd/BEA/Al2O3 Monolith Catalysts, Emission Control 
Science and Technology, (2017) 1-12. 
[20] M.A. Buzanowski, R.T. Yang, Simple design of monolith reactor for selective 
catalytic reduction of NO for power plant emission control, Industrial and 




[21] P.S. Metkar, N. Salazar, R. Muncrief, V. Balakotaiah, M.P. Harold, Selective 
catalytic reduction of NO with NH3 on iron zeolite monolithic catalysts: Steady-
state and transient kinetics, Applied Catalysis B: Environmental, 104 (2011) 110-
126. 
[22] O. Kröcher, M. Devadas, M. Elsener, A. Wokaun, N. Söger, M. Pfeifer, Y. Demel, 
L. Mussmann, Investigation of the selective catalytic reduction of NO by NH 3 on 
Fe-ZSM5 monolith catalysts, Applied Catalysis B: Environmental, 66 (2006) 208-
216. 
[23] F. Notoya, C. Su, E. Sasaoka, S. Nojima, Effect of SO2 on the low-temperature 
selective catalytic reduction of nitric oxide with ammonia over TiO2, ZrO2, and 
Al2O3, Industrial & engineering chemistry research, 40 (2001) 3732-3739. 
[24] M. Behl, S. Roy, Experimental investigation of gas–liquid distribution in monolith 
reactors, Chemical Engineering Science, 62 (2007) 7463-7470. 
[25] B. Li, Z. Hu, B. Kong, J. Wang, W. Li, Z. Sun, X. Qian, Y. Yang, W. Shen, H. Xu, 
D. Zhao, Hierarchically tetramodal-porous zeolite ZSM-5 monoliths with template-
free-derived intracrystalline mesopores, Chemical Science, 5 (2014) 1565-1573. 
[26] Y.-J. Lee, Y.-W. Kim, K.-W. Jun, N. Viswanadham, J.W. Bae, H.-S. Park, Textural 
Properties and Catalytic Applications of ZSM-5 Monolith Foam for Methanol 
Conversion, Catalysis Letters, 129 (2009) 408-415. 
[27] J.L. Williams, Monolith structures, materials, properties and uses, Catalysis Today, 
69 (2001) 3-9. 
[28] J. Freiding, B. Kraushaar-Czarnetzki, Novel extruded fixed-bed MTO catalysts with 
high olefin selectivity and high resistance against coke deactivation, Applied 
Catalysis A: General, 391 (2011) 254-260. 
[29] M. Menges, B. Kraushaar-Czarnetzki, Kinetics of methanol to olefins over AlPO4-
bound ZSM-5 extrudates in a two-stage unit with dimethyl ether pre-reactor, 
Microporous and Mesoporous Materials, 164 (2012) 172-181. 
[30] C. Murphy, K. Kolan, W. Li, J. Semon, D. Day, M. Leu, 3D bioprinting of stem 
cells and polymer/bioactive glass composite scaffolds for tissue engineering, 
International Journal of Bioprinting, 3 (2017). 
[31] C.R. Tubío, J. Azuaje, L. Escalante, A. Coelho, F. Guitián, E. Sotelo, A. Gil, 3D 
printing of a heterogeneous copper-based catalyst, Journal of Catalysis, 334 (2016) 
110-115. 
[32] J. Lefevere, M. Gysen, S. Mullens, V. Meynen, J. Van Noyen, The benefit of design 
of support architectures for zeolite coated structured catalysts for methanol-to-olefin 




[33] H. Thakkar, S. Eastman, A. Hajari, A.A. Rownaghi, J.C. Knox, F. Rezaei, 3D-
Printed Zeolite Monoliths for CO2 Removal from Enclosed Environments, ACS 
Applied Materials & Interfaces, 8 (2016) 27753-27761. 
[34] H. Thakkar, S. Eastman, A. Al-Mamoori, A. Hajari, A.A. Rownaghi, F. Rezaei, 
Formulation of Aminosilica Adsorbents into 3D-Printed Monoliths and Evaluation 
of Their CO2 Capture Performance, ACS Applied Materials & Interfaces, 9 (2017) 
7489-7498. 
[35] H. Thakkar, S. Eastman, Q. Al-Naddaf, A.A. Rownaghi, F. Rezaei, 3D-Printed 
Metal–Organic Framework Monoliths for Gas Adsorption Processes, ACS Applied 
Materials & Interfaces, 9 (2017) 35908-35916. 
[36] J. Lefevere, L. Protasova, S. Mullens, V. Meynen, 3D-printing of hierarchical 
porous ZSM-5: The importance of the binder system, Materials & Design, 134 (2017) 
331-341. 
[37] X. Li, W. Li, F. Rezaei, A. Rownaghi, Catalytic cracking of n-hexane for producing 
light olefins on 3D-printed monoliths of MFI and FAU zeolites, Chemical 
Engineering Journal. 
[38] K. Ma, H. Yu, G. Feng, C. Wang, Y. Dai, Synthesis of ZSM-5@ ordered 
mesoporous silica composites by dodecylamine surfactant, Journal of Wuhan 
University of Technology-Mater. Sci. Ed., 29 (2014) 1124-1128. 
[39] R.M. Jacobberger, B. Kiraly, M. Fortin-Deschenes, P.L. Levesque, K.M. McElhinny, 
G.J. Brady, R. Rojas Delgado, S. Singha Roy, A. Mannix, M.G. Lagally, P.G. Evans, 
P. Desjardins, R. Martel, M.C. Hersam, N.P. Guisinger, M.S. Arnold, Direct 
oriented growth of armchair graphene nanoribbons on germanium, Nature 
Communications, 6 (2015) 8006. 
[40] J.K. Das, N. Das, S. Bandyopadhyay, Highly oriented improved SAPO 34 
membrane on low cost support for hydrogen gas separation, Journal of Materials 
Chemistry A, 1 (2013) 4966-4973. 
[41] M.A. Carreon, S. Li, J.L. Falconer, R.D. Noble, Alumina-Supported SAPO-34 
Membranes for CO2/CH4 Separation, Journal of the American Chemical Society, 
130 (2008) 5412-5413. 
[42] M. Li, J. Zhang, X. Liu, Y. Wang, C. Liu, D. Hu, G. Zeng, Y. Zhang, W. Wei, Y. 
Sun, Synthesis of high performance SAPO-34 zeolite membrane by a novel two-
step hydrothermal synthesis + dry gel conversion method, Microporous and 
Mesoporous Materials, 225 (2016) 261-271. 
[43] X. Li, F. Rezaei, D.K. Ludlow, A.A. Rownaghi, Synthesis of SAPO-34@ZSM-5 
and SAPO-34@Silicalite-1 Core–Shell Zeolite Composites for Ethanol Dehydration, 




[44] M. Hartmann, W. Schwieger, Hierarchically-structured porous materials: from basic 
understanding to applications, Chemical Society Reviews, 45 (2016) 3311-3312. 
[45] M. Hartmann, A.G. Machoke, W. Schwieger, Catalytic test reactions for the 
evaluation of hierarchical zeolites, Chemical Society Reviews, 45 (2016) 3313-3330. 
[46] D. Liu, A. Bhan, M. Tsapatsis, S. Al Hashimi, Catalytic Behavior of Brønsted Acid 
Sites in MWW and MFI Zeolites with Dual Meso- and Microporosity, ACS 
Catalysis, 1 (2011) 7-17. 
[47] L. Emdadi, Y. Wu, G. Zhu, C.-C. Chang, W. Fan, T. Pham, R.F. Lobo, D. Liu, Dual 
Template Synthesis of Meso- and Microporous MFI Zeolite Nanosheet Assemblies 
with Tailored Activity in Catalytic Reactions, Chemistry of Materials, 26 (2014) 
1345-1355. 
[48] C.A.R. Costa, L.F. Valadares, F. Galembeck, Stöber silica particle size effect on the 
hardness and brittleness of silica monoliths, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 302 (2007) 371-376. 
[49] V.S. Marakatti, A.B. Halgeri, Metal ion-exchanged zeolites as highly active solid 
acid catalysts for the green synthesis of glycerol carbonate from glycerol, RSC 
Advances, 5 (2015) 14286-14293. 
[50] L. Zhang, Y. Huang, New Insights into Formation of Molecular Sieve SAPO-34 for 
MTO Reactions, The Journal of Physical Chemistry C, 120 (2016) 25945-25957. 
[51] S. Müller, Y. Liu, M. Vishnuvarthan, X. Sun, A.C. van Veen, G.L. Haller, M. 
Sanchez-Sanchez, J.A. Lercher, Coke formation and deactivation pathways on H-
ZSM-5 in the conversion of methanol to olefins, Journal of Catalysis, 325 (2015) 
48-59. 
[52] P. Tian, Y. Wei, M. Ye, Z. Liu, Methanol to Olefins (MTO): From Fundamentals to 
Commercialization, ACS Catalysis, 5 (2015) 1922-1938. 
[53] T. Liang, J. Chen, Z. Qin, J. Li, P. Wang, S. Wang, G. Wang, M. Dong, W. Fan, J. 
Wang, Conversion of Methanol to Olefins over H-ZSM-5 Zeolite: Reaction Pathway 
Is Related to the Framework Aluminum Siting, ACS Catalysis, 6 (2016) 7311-7325. 
[54] A. Takahashi, W. Xia, I. Nakamura, H. Shimada, T. Fujitani, Effects of added 
phosphorus on conversion of ethanol to propylene over ZSM-5 catalysts, Applied 
Catalysis A: General, 423–424 (2012) 162-167. 
[55] Y. Gao, B. Zheng, G. Wu, F. Ma, C. Liu, Effect of the Si/Al ratio on the performance 






[56] B. Liu, D. Slocombe, M. AlKinany, H. AlMegren, J. Wang, J. Arden, A. Vai, S. 
Gonzalez-Cortes, T. Xiao, V. Kuznetsov, P.P. Edwards, Advances in the study of 
coke formation over zeolite catalysts in the methanol-to-hydrocarbon process, 
Applied Petrochemical Research, 6 (2016) 209-215. 
[57] M.W. Anderson, B. Sulikowski, P.J. Barrie, J. Klinowski, In situ solid-state NMR 
studies of the catalytic conversion of methanol on the molecular sieve SAPO-34, 
The Journal of Physical Chemistry, 94 (1990) 2730-2734. 
[58] E. Epelde, J.I. Santos, P. Florian, A.T. Aguayo, A.G. Gayubo, J. Bilbao, P. Castaño, 
Controlling coke deactivation and cracking selectivity of MFI zeolite by H3PO4 or 
KOH modification, Applied Catalysis A: General, 505 (2015) 105-115. 
[59] M. Ibanez, M. Gamero, J. Ruiz-Martinez, B.M. Weckhuysen, A.T. Aguayo, J. 
Bilbao, P. Castano, Simultaneous coking and dealumination of zeolite H-ZSM-5 
during the transformation of chloromethane into olefins, Catalysis Science & 
Technology, 6 (2016) 296-306. 
[60] V. Van Speybroeck, K. De Wispelaere, J. Van der Mynsbrugge, M. Vandichel, K. 
Hemelsoet, M. Waroquier, First principle chemical kinetics in zeolites: the 
methanol-to-olefin process as a case study, Chemical Society Reviews, 43 (2014) 
7326-7357. 
[61] I.M. Dahl, S. Kolboe, On the reaction mechanism for propene formation in the MTO 
reaction over SAPO-34, Catal Lett, 20 (1993). 
[62] I.M. Dahl, S. Kolboe, On the reaction mechanism for hydrocarbon formation from 
methanol over SAPO-34: I: isotopic labeling studies of the co-reaction of ethene and 
methanol, J Catal, 149 (1994). 
[63] I.M. Dahl, S. Kolboe, On the Reaction Mechanism for Hydrocarbon Formation from 
Methanol over SAPO-34: 2. Isotopic Labeling Studies of the Co-reaction of Propene 
and Methanol, Journal of Catalysis, 161 (1996) 304-309. 
[64] S. Müller, Y. Liu, F.M. Kirchberger, M. Tonigold, M. Sanchez-Sanchez, J.A. 
Lercher, Hydrogen Transfer Pathways during Zeolite Catalyzed Methanol 
Conversion to Hydrocarbons, Journal of the American Chemical Society, 138 (2016) 
15994-16003. 
[65] S. Ilias, A. Bhan, Mechanism of the Catalytic Conversion of Methanol to 
Hydrocarbons, ACS Catalysis, 3 (2013) 18-31. 
[66] S.A. Axon, J. Klinowski, Solid-State NMR Studies of Zeolite [Si,B]-ZSM-5 






V. METHANOL-TO-OLEFIN CONVERSION ON 3D-PRINTED ZSM-5 
MONOLITH CATALYSTS: EFFECTS OF MACRO-MESO-MICROPOROSITY  
AND METAL DOPING 
Xin Lia, Fateme Rezaeia, Ali Rownaghia, * 
a Department of Chemical and Biochemical Engineering, Missouri University of Science 
and Technology, Rolla, MO 65409, USA 
* E-mail: rownaghia@mst.edu 
ABSTRACT 
In this study, activity and selectivity in methanol-to- olefins (MTO) reaction of Cr, 
Cu, Ga, La, Mg, Y, and Zn-doped 3D-printed ZSM-5 zeolite monoliths were evaluated 
using a high-throughput method of screening and analysis. These 3D-printed ZSM-5 
zeolite monoliths were doped with the above metals by direct addition of metal nitrate 
precursors into the 3D printing paste. The effect of dopants on physical and chemical 
characteristics of the doped monoliths was studied through XRD, XRF, N2 physisorption, 
FTIR, SEM-EDX, H2-TPR, and NH3-TPD. The performance of these printed metal–doped 
zeolite monoliths in MTO reaction was systematically evaluated and compared with their 
non-doped counterparts at 673 K for 24 h of reaction time. It was found that doping of Cr, 
Mg, and Y into 3D-printed ZSM-5 zeolite monoliths leads to enhanced methanol 
conversion, whereas doping of Ce, Cu, Ga and Y has little or no effect on catalysts 
reactivity. The olefins selectivity followed the sequence Zn >Mg >La >Y >Cr >Cu >Ga at 
10 wt% dopant contents, in line with the relative amount of moderate acid sites in the 
monoliths. The results indicated that among all the investigated metal dopants, 3D-printed 




olefins production and showed ethylene and propylene selectivity of 24% and 33%, 
respectively with methanol conversion approaching 95% at 673 K. The increased 
selectivity towards ethylene and propylene was correlated to the presence of moderate 
Brønsted acidity which inhibited the formation of paraffins and aromatics, consistent with 
the NH3-TPD results whereby moderate Brønsted acid sites were observed after Mg 
addition to 3D-printed ZSM-5 zeolite monoliths. The occupation of Mg dopant in the 
micropores, which is assigned to the cages of the ZSM-5 framework, took up the space for 
perspective aromatics, which are regarded to be coke precursors, and therefore reduced the 
coke formation.  
 




As one of the most significant reactions in C1 chemistry, methanol-to-olefins 
(MTO) reaction offers an alternative approach for producing basic petrochemicals from 
renewable and fossil fuel resources [1-3]. Driven by increasing demand for ethylene and 
propylene, as the primary building blocks in polymer industry [4], this process can be 
readily implemented by current technologies via synthesis gas, natural gas, biomass and 
coal [5-9]. MTO reaction is mostly catalyzed over microporous zeolites such as ZSM-5 
and SAPO-34 as a result of their distinct selectivity toward light olefins [10, 11]. However, 
a high rate of deactivation is typically observed for SAPO-34, which possesses CHA 




Therefore, ZSM-5 zeolite catalysts are more often used despite their lower olefin yield [14-
17]. 
Various strategies have been employed to increase the selectivity towards light 
olefins over ZSM-5 zeolite with MFI framework by optimizing the acidity [18-20], scaling 
down the crystal size [15, 21, 22], altering the pore structure [23-25], and modification 
with heteroatoms [26-28] such as alkali metals [29], alkaline earth metals [30], and 
transition metals [31], nonmetals (mainly phosphorus) [32], and semimetals (mainly boron) 
[33]. Essentially, introducing heteroatoms in the zeolite framework alters the acidity of the 
catalysts. ZSM-5 can also be modified by addition of protons and extra-framework cations 
(mainly metal) to form acid/base or redox sites, in a post-treatment step. The most common 
methods for doping zeolites with metals are ion-exchange and impregnation [34]. 
Numerous metals have been employed as promoters in ZSM-5 type zeolite for the 
conversion of methanol to hydrocarbons and the effect of promoter on the product 
distribution has been shown to vary from metal to metal. Hadi et al. [35] reported that Ce 
is a promising promoter for Mn/H-ZMS-5 in methanol conversion to propylene. The 
selectivity towards propylene was dramatically enhanced and the propylene/ethylene ratio 
was increased by Ce doping. Several catalysts comprising zeolite ZSM-5 impregnated with 
Cu were tested in the MTO reaction by Conte and coworkers [36] and it was found that 
Cu/ZSM-5 was selective for C9–C11 aromatic products owing to the interaction of acid sites 
of the zeolite with the basic sites of the metal oxide at the edge of zeolite crystals. In another 
study by Li and coworkers [37], Cu/ZSM-5 prepared via post-treatment method showed 
improved catalyst lifetime in methanol conversion reaction. Presented and supported by 




the MTO reaction with the highest selectivity to propylene due to the presence of weak 
Brønsted acid sites. The promoted aromatics production by Zn modified ZSM-5 in 
methanol conversion was demonstrated by Xu and coworkers [39]. Furthermore, metals 
such as Cr, La and Y were also introduced to MFI zeolite as promoters for the production 
of light olefins via catalytic cracking of various alkanes or the dehydration of ethanol [40-
42]. However, preparation of zeolite catalysts via these techniques is quite complex and 
costly due to the low controllability at micro-scale level and sensitivity to pH value of 
zeolite crystals in the cation solution.  
Recent developments in three-dimensional (3D) printing of porous materials 
including zeolites [43, 44], silicoaluminophosphate [45] aminosilica [46] and metal-
organic frameworks [47], make it possible to efficiently prepare novel materials with 
tunable structural, physicochemical and mechanical properties for a wide range of 
applications. Our recent work [44] demonstrated the feasibility and advantages of 
preparing 3D-printed zeolite monoliths as a promising catalyst for alkane cracking. The 
3D-printed ZSM-5 monoliths showed improved stability and selectivity towards light 
olefins in n-hexane cracking as a result of the formation of hierarchical pores and moderate 
acidity. In another investigation, Tubío et al. [48] synthesized Cu/Al2O3 catalytic system 
with a woodpile porous structure using 3D printing technique. It was proclaimed that active 
component (Cu) was immobilized in the Al2O3 matrix and the leaching of the metal into 
the reaction medium was avoided using this technique. The 3D-printed catalyst also 
showed good dispersion of copper and excellent performance in Ullmann reaction. 
Considering the complexity of synthesizing metal-doped zeolites, as mentioned 




dopants directly into the zeolite when making the paste, thus eliminating the additional step 
of ion-exchange or impregnation to develop a facile and rapid method of preparing zeolites 
monoliths doped with metal dopants.  
In this study, guided by the above-mentioned literature, a series of ZSM-5 zeolite 
monoliths doped with Cr, Cu, Ga, La, Mg, Y and Zn were prepared by using 3D-printing 
technique via the addition of the metal precursors into the synthesis paste, and the catalytic 
properties of these materials were tested in the MTO reaction. It was shown that the 
presence of metal dopants can further tune the physical and chemical properties of 3D-
printed ZSM-5 monoliths, thereby affecting the methanol dehydration performance in 
terms of both activity and selectivity. 
 
2. EXPERIMENTAL SECTION 
2.1.  PREPARATION OF 3D-PRINTED M/ZSM-5 MONOLITHS 
The 3D-printed ZSM-5 monoliths were prepared using the method reported in 
Supplementary Information. The metal-doped ZSM-5 monoliths were prepared by adding 
metal precursor solution into the zeolite and bentonite clay mixture while making the paste. 
The metal precursors used were Ce(NO3)3·6H2O, Cr(NO3)3·9H2O, Cu(NO3)2·2.5H2O, 
Ga(NO3)3·xH2O, La(NO3)3·xH2O, Mg(NO3)2·6H2O, Y(NO3)3·6H2O and Zn(NO3)2·6H2O, 
all purchased from Sigma-Aldrich. About 10 wt.% metal precursor was added to the paste 
and the paste was extruded using our lab scale 3D-printer. The obtained 3D-printed 
monoliths were calcined at 823 K for 6 h in order to decompose and remove the methyl 
cellulose which acted as the template and plasticizer, enhance the mechanical strength and 




samples with metal dopants are denoted as M/ZSM-5 (M = Ce, Cr, Cu. Ga, La, Mg, Y or 
Zn). Optical image of the 3D printed ZSM-5 monoliths doped with various dopants is 




Figure 1. Optical image of the 3D-printed ZSM-5 monoliths with various dopants. 
 
 
2.2.  CHARACTERIZATIONS OF 3D-PRINTED M/ZSM-5 MONOLITHS 
X-ray diffraction (XRD) patterns were recorded on a PANalytical X’Pert 
multipurpose X-ray diffractometer in the angle (2θ) range of 5° to 50° with Cu-Kα1 
radiation (40 kV and 40 mA) at a rate of 2.0° min-1. Nitrogen physisorption measurements 
were performed on a Micromeritics 3Flex surface characterization analyzer at 77 K. Prior 
to the measurements, all samples were degassed at 573 K for 6 h. Total surface area was 
determined by the Brunauer-Emmett-Teller (BET) equation using the relative pressure 
(P/P0) in the range of 0.05-0.3. External surface area was calculated using t-plot method 




Scanning electron microscopy (SEM) images were captured on a Hitachi S-4700 
instrument to investigate the morphology of the materials. Temperature-programmed 
desorption of ammonia (NH3-TPD) was performed to investigate the acid property of the 
samples. NH3 adsorption was carried out on the Micromeritics 3Flex analyzer under a flow 
of 5 vol.% NH3/He at 373 K. The desorption of NH3 was measured from 373 to 873 K at 
a constant heating rate of 10 K min−1. A mass spectroscopy (BELMass) was used to detect 
the quantity of NH3 desorption. Temperature-programmed Reduction with hydrogen (H2-
TPR) was also performed from 323 to 1123 K under a flow of 5 vol% H2/He using the 
same instrument. To determine the functional groups and the changes in the chemical 
structure of 3D-printed ZSM-5 monoliths after metal doping, FTIR spectra were obtained 
using a Nicolet-FTIR Model 750 spectrometer. Mechanical testing was also carried out to 
determine the mechanical integrity of the monoliths using an Instron 3369 (Instron, 
Norwood, MA, USA) mechanical testing device with a 500 N load at 2.5 mm/min. Prior to 
testing, monoliths were polished with the sandpaper to prevent the uncertain surface and 
to avoid cracks on the surface for achieving effective results. Compressive force was 
applied until the monolith broke. Thermogravimetric analysis-differential thermal analysis 
(TGA-DTA) of the spent catalysts was carried out from 303 K to 1173 K using TGA 
(Model Q500, TA Instruments), at a rate of 10 K/min in a 60 mL min-1 air flow. 
 
2.3.  CATALYTIC TEST 
Catalytic behavior of the 3D-printed monoliths was assessed in a fixed-bed reactor 
setup. Nitrogen flow saturated with methanol at 303 K was fed into the stainless steel 




typical run, 0.3 g of catalyst was tested under 673 K at 1.01 bar with a weight hourly space 
velocity (WHSV) of 0.35 h-1. The catalyst was activated in-situ at 823 K under nitrogen 
flow for 2 h. The products were directly transferred to an on-line gas chromatography (SRI 
8610C) and analyzed every hour with a flame ionized detector (GC-FID) connected to mxt-
wax/mxt-alumina capillary column. The inlet line to the reactor was kept heated at 383 K 
whereas the effluent line of the reactor until GC injector was kept at 418 K to avoid 
potential condensation of hydrocarbons. 
 
3. RESULTS AND DISCUSSION 
3.1.  XRD ANALYSIS 
The XRD patterns of the 3D-printed ZMS-5 monolith and M/ZSM-5 monoliths are 
depicted in Figure 2. All the doped monoliths exhibited the typical diffraction peaks of 
MFI structure at around 2θ = 8.0°, 9.0°, 14.8°, 22.9°, 24.0° and 29.8° corresponding to 
(101), (200), (301), (501), (303) and (503) planes respectively [49], which indicated that 
the zeolite framework was retained after the employment of all the investigated metal 
dopants. Moreover, additional peaks were found in Ce/ZSM-5 pattern at 2θ = 28.2° 
indicating the formation of CeO2 [50], in Cr/ZSM-5 pattern at 2θ = 33.6°, 36.1° and 41.5° 
implying the formation of Cr2O3 [51]; the peaks at 2θ = 36.2° for Zn/ZSM-5 reflects the 
formation of ZnO [52], whereas the peaks at 2θ = 35.6° and 38.7° in the XRD pattern of 
Cu/ZSM-5 confirms the formation of CuO [53]. No additional peaks were observed in 
other metal-doped samples including Ga, La, Mg and Y, which means these metals were 





3.2.  H2-TPR ANALYSIS 
H2-TPR profiles of the M/ZSM-5 samples with the relatively same amount of metal 
loading are shown in Figure 3, while total amount of oxygen removed are summarized in 
Table 1. All the metal-doped monoliths displayed H2 reduction peak at various  
 
















































temperatures due to the difference in reducibility of the metal oxides in zeolite. The broad 
peak appeared at around 560 K for Cr/ZSM-5 is attributed to the Cr3+ reduced to Cr0, 
consistent with results reported by Mimural and coworkers [55]. The results is in 
accordance with the XRD pattern indicating the formation of Cr2O3 [55]. The Cu/ZSM-5 
was reduced very large compared with the other samples, and the peak of the TPR profile 
appeared at lower temperature (~420 K) and the maximum of the TPR profile was shown 
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Figure 3. H2-TPR profiles of the M/ZSM-5 monoliths. 
 
 
at about 480 K and a small peak at 900 K. The former peak results from the reduction of 
dispersed bulk CuO whereas peaks appearing at higher temperature can assigned to the 




CuO [56]. In general, the observation of kinetically different reduction peaks implies the 
presence of various types of oxygen species. The Ga/ZSM-5 exhibits two reduction peaks 
at about 775 K and 890 K, which are ascribed to the micro Ga2O3 particles  
 
 
Table 1. Summary of TPD and TPR results. 
Sample 











T (K) Amount (mmol g-1) T (K) 
Amount 
(mmol g-1) No. T (K) 
ZSM-5 480 0.40 667 0.16 0.56 - - - 
Cr/ZSM-5 478 0.31 644 0.13 0.44 a 558 4.55 
Cu/ZSM-5 570 0.56 732 0.15 0.72 a 479 5.67 b 898 4.25 
Ga/ZSM-5 480 0.43 637 0.15 0.58 a 774 8.33 
La/ZSM-5 482 0.43 648 0.07 0.50 a 993 4.49 
Mg/ZSM-5 478 0.54 - - 0.54 a 935 6.07 
Y/ZSM-5 481 0.52 658 0.07 0.59 a 604 2.72 b 959 2.68 
Zn/ZSM-5 486 0.54 648 0.06 0.60 
a 649 0.96 
b 930 2.53 
c 1034 0.76 
a obtianed from NH3-TPD results 
b obtained from H2-TPR results 
 
 
and highly dispersed gallyl ion species GaO+, respectively [57]. This matches the XRD 
results for Ga/ZSM-5 that no additional Ga2O3 peaks were observed, due to the small 
particle size and high Ga dispersion on zeolite [58]. The La2O3 reduction by H2 usually 
occurs at as high temperature as above 1173 K [59]. However, with highly dispersed small 
particles and/or low concentration, the reduction temperature can be lowered [60]. The 
La/ZSM-5 has a relatively high peak at ca. 1000K suggest the formation of highly dispersed 




K. No additional under this temperature is overserved, indicating the presence of Mg is the 
cation exchanged on zeolite instead of bulk MgO, the reduction temperature of which is in 
the range of 600-670 K [61]. Similarly, the peaks observed in Y/ZSM-5 at 610 K and 950 
K are ascribed to small Y2O3 particles and yttrium cation exchanged on zeolite [62], 
whereas the peaks for Zn/ZSM-5 at 650 K and 930 K can be assigned to ZnO and zinc 
cation exchanged on zeolite [63]. The Zn/ZSM-5 was reduced very little compared with 
the other metal doped-ZSM-5, and the order of total amount of oxygen removed from all 
samples was Cu/ZSM-5>Ga/ZSM-5>Mg/ZSM-5>Y/ZSM-5>Cr/ZSM-5>Zn/ZSM-
5>La/ZSM-5, which agree with the other studies. 
 
3.3.  FTIR ANALYSIS 
The FTIR spectra of the 3D-printed ZSM-5 monolith and its metal-doped 
counterparts in the range of 400-4000 cm-1 are presented in Figure 4. The absorption bands 
at 450, 560, 810, 1110 and 1240 cm-1, recognized in all samples, are typical vibrations 
characteristics of MFI type zeolites [64]. Specifically, the peak at about 450 cm-1 is 
associated to the vibration of internal bonds (T-O) of SiO4 and AlO4 tetrahedra [65]. The 
band observed at 560 cm-1 was ascribed to external bonds of double five-member ring [66]. 
The bands locates at around 810 cm-1 corresponded to symmetric stretching of external 
bonds between tetrahedral [67]. The strongest absorption peak appeared about 1110 cm-1 
was related to the internal asymmetric stretching of Si-O-T bonds [68]. The peak found at 
1240 cm-1 was a reflection of the asymmetric stretch vibration of T-O bond assigned to the 




MFI structure remained intact in all the as-prepared metal-doped monoliths, which is in 
accordance with XRD results.  
All samples generally exhibit O-H group in the range of 4000-3200 cm-1, known as 
the hydroxyl group region. The peak appeared at 3745 cm-1 was ascribed to the –OH 
vibration of the silanol groups (Si-OH), mostly on the external surface of the zeolite [26]. 
All the investigated metals barely changed this peak, suggesting these metals had little 
effect on the silanol groups. The peaks ranging from 3665 cm-1 to 3610 cm-1 are generally 
regarded as the reflection of Al-bonded hydroxyl groups. In detail, the band at 3655 cm-1 
 
 

























was ascribed to the external Al-bonded hydroxyl groups with weak Brønsted acidity while 




strong Brønsted acidity [25]. For Cr/ZSM-5, Cu/ZSM-5 and Zn/ZSM-5 samples, the bands 
with in this range remains relatively high, indicating the intact hydroxyl group but 
formation of metal oxide on zeolite surface. It is noteworthy that the peaks of Mg/ZSM-5 
for the hydroxyl group were much weaker than the bare ZSM-5, indicating the Mg cation 
exchanged on zeolite, which matched both XRD and H2-TPR results. 
 
3.4.  NH3-TPD ANALYSIS 
Figure 5 shows the NH3-TPD profiles of the 3D-printed monolith samples 
evaluating the acidic properties. For bare ZSM-5 monolith, the peak observed at around 
475 K was attributed to the NH3 desorbed from the weak acid sites (Brønsted and/or Lewis 
sites) whereas the peak at 686 K was assigned to the NH3 desorbed from the strong 
Brønsted acid sites (mainly located at zeolite inner channels) [69]. The Cr/ZSM-5 shows 
similar profile to bare ZSM-5 monolith due to the presence of chromium  
 
 





























in it oxide form. It barely changed the acid site on the zeolite, as have been verified by the 
FTIR and H2-TPR results. Stronger acid sites reflected by the peak at around 750 K for 
Cu/ZSM-5 suggest the incorporation of Cu tended to enhance the acid strengths, which is 
in consistent with previously reported work by Zakaria et al. [70]. As for Ga-, La- and Y-
containing ZSM-5 monoliths displayed similar desorption profiles in which no obvious 
shifts were found, indicating that the incorporation of these three metals to ZSM-5 induces 
little change of acid strength. This might be the result of the formation of micro metal oxide 
particles, instead of massive ion-exchange occurred on the zeolite, as mentioned previously 
in the XRD and TPR analysis. Mg/ZSM-5 and Zn/ZSM-5 exhibited unique profiles with 
only the weak peak and the total amount of weak acid site were obviously increased, 
suggesting the metal dopant converted some of the strong acid sites to the weak sites. This 
might be attributed to the metal cation exchanged protons on the hydroxyl groups, mainly 
of the strong acid sites, and generated Lewis site, or substitution interaction between Mg2+ 
or Zn2+ and protons of Si-OH-Al groups to form Mg(OH)+ or Zn(OH)+ [71]. 
 
3.5.  MORPHOLOGY, SURFACE AREA AND PORE SIZE ANALYSIS 
Figure 6 exhibits the morphology of the ZSM-5 and M/ZSM-5 monolith samples. 
It is clear that all samples were composed of coffin-like ZSM-5 particles. The particles 
were well bound due to the addition of bentonite clay, which rendered the monoliths self-
standing with structural integrity. As observed, pores with a broad range of sizes and 
irregular shapes were abundantly dispersed on the monolith surface for all doped samples. 

















via calcination [43, 72]. The polymeric structure of methyl cellulose renders its molecules 
exist in various sizes according to the changing degree of polymerization. Moreover, the 
vigorous stir while making the paste may lead to the folding and twisting of the long chains 
of methyl cellulose. Therefore, pores with a wide size distribution and a variety of shapes 
were generated, as schematically depicted in Figure 7. 
N2 physisorption isotherms of the as-prepared samples are depicted in Figure 7, 
with corresponding pore size distributions shown as inset figures. All isotherms exhibited 
the combination of type I and type IV isotherm with a significant enhanced uptake in the 
P/P0 range of c.a. 0.9-1.00. The hysteresis loop, associated with capillary condensation, 
indicated the formation of mesoporous structure in all the 3D-printed monoliths [73, 74]. 
The pore size distributions curves were estimated by the BJH method using the adsorption 
branch. For all samples, the first peak of all the samples appeared in the range from 0.5 to 
2 nm, which was assigned to the micropores. A slope after around 5 nm can be observed 
and, thereafter, either a monotonic increase or a broad peak can be observed, suggesting 








































































































































Figure 8. N2 physisorption isotherms of bare ZSM-5 and M/ZSM-5 samples with BJH  




Table 2 summarizes the total surface area, micopore surface area, external surface 
area, pore volume and micropore volume derived from different methods. For comparison, 
the pristine HZSM-5 powder was also measured and the values of which are listed after 
the notation of ZSM-5_P while its bare monolith counterpart is noted as ZSM-5_M in the 
table. The surface areas of the bare ZSM-5 powder and monolith were 429 and 373 cm2g-
1 respectively, suggesting the formulation into monolith reduced the total surface area. This 
might result from the addition of binder and further calcination of fresh monoliths. 
However, mesopore volume increased from 0.170 cm3g-1 to 0.200 cm3g-1, due to the 
decomposition of the plasticizer. All the investigated metal have effect on the textural 
properties of the zeolite monolith. Both surface area and pore volume were reduced by 
metal dopant and the significance of the effect varied from metal to metal. The micropore 
volume of Cr-, Cu-, Ga-, Y- and Zn-doped monoliths were found to be 0.090 cm3g-1, 0.096 
cm3g-1, 0.096 cm3g-1, 0.090 cm3g-1 and 0.090 cm3g-1 respectively, within 10% variation 
from the bare ZSM-5 monoliths with 0.100 cm3g-1. It suggests these metals barely entered 
the micorpores of the zeolite when they were doped in the monolith and they affected the 
mesopores. La/ZSM-5 shows greater pore volumes than the bare ZSM-5, indicating the 
formation of the La2O3 contributed to the total micropore volumes. Furthermore, Mg-doped 
ZSM-5 monoliths displayed significant decrease in both micopore and mesopore volumes 
suggesting the existence of the metal dopants in the micropores in addition to mesopores. 
It is in accordance with the FTIR and TPR results that the Mg incorporation is mainly by 
cation-exchanging the proton on the hydroxyl group on the zeolite surface, especially Al-
OH-Si in the micropores which contributed to strong Brønsted acid sites. The metal loading 




with the EDS results in Supporting Information. The element mapping suggests the metals 
were all well dispersed in the 3D-printed ZSM-5 monoliths. 
 
 
















































ZSM-5_P 429 261 168 0.300 0.130 0.170 - 
ZSM-5_M 373 214 159 0.300 0.100 0.200 - 
Cr/ZSM-5 286 180 106 0.219 0.090 0.129 11.62 
Cu/ZSM-5 297 197 100 0.202 0.096 0.106 9.56 
Ga/ZSM-5 318 197 121 0.213 0.096 0.117 10.31 
La/ZSM-5 335 215 120 0.234 0.105 0.129 8.95 
Mg/ZSM-5 229 178 51 0.177 0.087 0.090 8.64 
Y/ZSM-5 293 185 108 0.208 0.090 0.118 10.34 
Zn/ZSM-5 285 185 100 0.227 0.090 0.137 11.34 
a SBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor pressure 
ranging from 0.05 to 0.30. 
b Micropore area and micropore volume were determined using t-plot method. 
c Total pore volume was estimated based on the volume adsorbed at P/Po = 0.99. 
d The metal loading was measured by XRF. 
 
 
3.6.  MECHANICAL TESTING 
 For the application in catalysis, the mechanical strength of the 3D-printed monolith 
is an important factor to consider. Compression testing results are depicted in Figure 9. As 
evident from Figure 9a, the stress raised initially with increasing strain. It is illustrated in 
Figure 9a that all M/ZSM-5 collapsed no later than the bare ZSM-5 monolith. The 
maximum stress after which a drop occurred was regarded as the critical stress that caused 




monolith and it can be concluded that various monoliths except for Cu/ZSM-5, all the 
doped monolith tolerated higher stress than the bare ZSM-5 before fracture. 
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Figure 9. Compressive strength of the as-prepared 3D-printed monolith samples: (a) 





3.7.  CATALYTIC EVALUATION 
The performance of the zeolite monoliths as the catalyst for MTO process was 
evaluated at 673 K with a methanol weight hourly space velocity (WHSV) of 0.35 h-1. The 
products obtained from the methanol conversion over the investigated catalysts were 
mainly paraffin (C1-C4), light olefins (C2= and C3=), BTX (benzene, toluene, and xylene) 
and other hydrocarbons with higher carbon number. Figure 10 shows both the conversion 
of the methanol (XMOH) and the selectivity of the hydrocarbon product (SHydrocarbon) as a 
function of time on stream over the investigated catalysts. All samples exhibited stable 
activity within 24 h on stream. Figure 11 summarized the product distribution in terms of 
yield in 10 h on stream. The grey column represents the unreacted methanol, indicating the 
sum of the colored columns is the conversion rate of the methanol. The highest activity is 
found in bare ZSM-5 monoliths with a methanol conversion rate of 94.8%, followed by 
Mg/ZSM-5 (93.9%), Y/ZSM-5 (92.8%), Cr/ZSM-5 (92.6%), Cu/ZSM-5 (91.0%), 
La/ZSM-5 (90.4%), Ga/ZSM-5 (88.2 %) and Zn/ZSM-5 (83.9%).  
For individual light olefin, Zn/ZSM-5 exhibited the highest ethylene selectivity of 
36.3% in 12 h while the Mg/ZSM-5 produced the highest selectivity towards propylene of 
33.4% in 14 h. Considering the relatively low conversion Mg/ZSM-5, product distribution 
were compared in terms of yield over all the metal-doped monolith catalysts, as shown in 
Figure 11. Mg/ZSM-5 and Zn/ZSM-5 showed enhanced total light olefin yields compared 
to the bare ZSM-5. Specifically, ethylene yield was increased to 22.0% and 28.4% over 
Mg/ZSM-5 and Zn/ZSM-5 respectively, from 14.1% of bare ZSM-5, whereas the 
propylene yields was changed from 26.1% to 30.8% and 25.0% over these two monolith 
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Figure 10. The conversion of the methanol (XMOH) and the selectivity of the hydrocarbon 
product (SHydrocarbon) as a function of time on stream over the investigated catalysts.  




(42.4%) but its ability to produce ethylene is significantly higher. It can be attributed to the 
moderated acidity of the monolith catalyst by incorporating Mg, Zn, and La as have been 
discussed in NH3-TPD analysis section. These three metals modified the zeolite monolith 
by exchanged the proton on the hydroxyl groups and converted the strong Brønsted acid 
sites to weaker acid sites. According to the general accepted hydrocarbon-pool mechanism 
of MTO process over zeolite [75], mild acid site favors the production of light olefins. In 
this conversion over acidic catalyst, light olefins are formed from an equilibrium mixture 
of methanol and dimethyl ether. These olefins are methylated to higher olefins, which in 
turn are catalytically cracked again to lower olefins. Olefins, however, also react to paraffin 
and aromatics via hydrogen transfer and subsequently form coke. Hydrogen transfer route 
on HZSM-5 takes place mostly between two olefin species on Brønsted acid sites, usually 
the strong acid. All other metal-doped monoliths, including Cr/ZSM-5, Cu/ZSM-5, 
Ga/ZSM-5, and Y/ZSM-5 displayed decreased yield of light olefins compared to the bare 
ZSM-5. Both ethylene and propylene were reduced over these metal-doped monoliths. The 
reduction in light olefins occurred simultaneously with the increase in paraffin production, 
indicating the incorporation of these metal dopants benefited the hydrogen transfer rout to 
form paraffin, according to the aforementioned mechanism of MTO process. Moreover, 
the Mg cation with relatively large radius and smaller atom weight makes it possible to 
occupy more space in micropores of the zeolite with the same weight percentage of loading, 
compared to other metal dopants if they also enter the micropores. This matches the results 
from the pore volume calculations. Previous work [76] highlighted that with more space 




microporous zeolite because with these micropores, which act as the hydrocarbon pool, it 
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Figure 11. Product distribution over 3D-printed zeolite monoliths for methanol-to-olefins  
reaction. Reaction conditions: 673 K; WHSV of methanol, 0.35 h-1; time-on-stream, 10h. 
 
 
To verify the explanation with more evidence, TGA of the spent catalysts after 24 
h of methanol conversion at 673 K was carried out in the temperature range of 303 to 1173 
K in a 60 mL min-1 air flow. Both TGA and corresponding DTA profiles were plotted and 
displayed in Figure 12. All samples experienced a weight loss close to 373 K, which was 
assigned to the moisture in the samples. The peaks for each sample in this region varied 
due to different adsorption ability for water in each spent catalyst. Mg/ZSM-5 exhibited 
two peak at around 753 K and 973 K with the intensity of the peaks much lower than most 




on Mg/ZSM-5 was the least among all the as-prepared M/ZSM-5 monoliths. In particular, 
the main peak at 753 K was lower than the main peak of Ce/, Cu/, Ga/, La/, Zn/ZSM-5 
implying that the carbon number of the coke compounds was smaller than for other samples. 
It is noteworthy that the Cu/ZSM-5 experienced a weight increase under air flow at about 
473 K which could be ascribed to the oxidation of CuO to Cu2O3 under such conditions.  
 
 










































Figure 12. TGA (lower) and DTA (upper) profiles of the spent catalysts after 24 h of  
methanol conversion at 673K. 
 
 
The turnover frequency (TOF) representing the activity of the catalysts for each 
monolith catalysts is displayed in Figure 13. The TOF herein is defined as the moles of 




acid amount was estimated using NH3-TPD as listed in Table 2. As observed, Cr/ZSM-5 
shows the highest TOF for methanol of ca. 0.00639 s-1 but its TOF for ethylene and 
propylene are relatively mediocre, 0.00080 s-1 and 0.00107 s-1. This might be related its 
low total acid site amount and relatively methanol conversion due to the formation of Cr2O3, 





















































Figure 13. Turnover frequency of the 3D-printed monoliths. 
 
 
olefins. The highest TOF for ethylene is found in Zn/ZSM-5 (0.00144 s-1) followed by 
Mg/ZSM-5 (0.00123 s-1) > La/ZSM-5 (0.00123 s-1) > Cr/ZSM-5 (0.00080 s-1) > Y/ZSM-5 
(0.00063 s-1) > Ga/ZSM-5 (0.00054 s-1) > Cu/ZSM-5 (0.00038 s-1) while the TOF for 




La/ZSM-5 (0.00108 s-1) > Cr/ZSM-5 (0.00107 s-1) > Y/ZSM-5 (0.00080 s-1) > Ga/ZSM-5 
(0.00063 s-1) > Cu/ZSM-5 (0.00058 s-1). The TOF level is consistent with the catalysts for 
MTO reported in the previous work [77], indicating the 3D printed monoliths in this work 
are efficient. Mg/ZSM-5 shows the highest propylene TOF and the second highest ethylene 
TOF, not only because of its moderated acidity as have been prove in TPD results, but also 
due to its reduced microcpore volumes, which might have shortened the time for reaction 
adsorption and product desorption, and hence improve TOFs for light olefins. 
 
4. CONCLUSION 
The 3D-printed monoliths with various dopants were prepared with a facile and 
rapid method. Screening of metal dopants in the 3D-printed ZSM-5 monolith catalysts for 
the MTO reaction was carried out by evaluation their performance in fixed-bed reactor. All 
samples retained their MFI framework after doping with metals. The as-prepared M/ZSM-
5 monoliths exhibited macro-meso-micorporous network.  
The product distribution of methanol conversion and the concentration of the light 
olefins in the product gas could be considerably changed by the catalytic function of the 
metal-doped into 3D-printed ZSM-5 monolith. Our results indicated that among all the 3D-
printed monolith samples, Mg/ZSM-5 and Zn/ZSM-5 showed the most improved ability to 
produce light olefin, due to their moderated acid sites by exchanged the proton on hydroxyl 
group with the metal cation. The outstanding coke resistance of Mg/ZSM-t result from the 
occupied space in the micropores. The result of this investigation has proven that the 
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APPROACH TO PREPARE 3D-PRINTED ZSM-5 MONOLITH.   
First, the ammonia-ZSM-5 powder (CBV 5524G, Zeolyst) was calcined at 823 K 
for 6 h. The resultant hydrogen form of ZSM-5 zeolite (HZSM-5) was used as the pristine 
zeolite powder for 3D printing of the monolithic catalysts. In the next step, ca. 87.5 wt.% 
zeolite was mixed with 10 wt.% bentonite clay, which acted as the binder, using an agitator 
(Model IKA-R25). Sufficient water was then added and stirred with the mixture to get a 
homogeneous slurry. The paste with extrudable viscosity and moisture was obtained after 
adding 2.5 wt.% methyl cellulose, as a plasticizer, with sufficient agitation. The aqueous 
paste was then transferred to a 10 mL syringe (Techcon Systems) carefully to prevent air 
voids or unfilled intervals. A nozzle with 0.60 mm in diameter was installed on the syringe 
for the dispensing of the paste. The fabrication of the monolithic zeolite catalysts was 
performed on a lab-scale 3D printer (Geeetech). The printing paths were programmed by 
AutoCAD software and coded by Slic3r. The paste was dispensed and deposited on an 





Figure S1. EDX analysis and corresponding mapping of the elements in (a) ZSM-5, (b) Cr/ZSM-5, (c) Ga/ZSM-5, (d) La/ZSM-5,  
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CRACKING 
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ABSTRACT 
In this work, chromium, copper, nickel and yttrium-doped 3D-printed ZSM-5 
monoliths were synthesized by doping the ZSM-5 zeolite paste with corresponding metal 
precursors. The physical and acid properties of the metal-doped 3D-printed ZSM-5 
monoliths were systematically characterized by XRD, XRF, SEM, FTIR, N2 adsorption, 
H2-TPR and NH3-TPD techniques. The cheracterization of bare and metal-doped 
monoliths confirmed the presence of metal promoters within the zeolite matrix while their 
MFI frameworks were retained after doping and printing. It was also found that the metal 
doping significantly affected the ZSM-5 porosity, acidity and morphology according to the 
N2 physisorption, NH3-TPD, and SEM, respectively. The dependence of products 
selectivities on the conversion of n-hexane and the reaction temperature over 3D-printed 
ZSM-5 monolith catalysts were reported. Catalytic tests showed that the Cr, Cu and Ni-
doped 3D-printed ZSM-5 monolith catalysts exhibited high selectivity towards BTX 
(benzene, toluene, and xylene), while Y-doped ZSM-5 monolith promoted the light olefins 




3D printing offers a facile and rapid approach for preparing various metal-doped 3D-
printed zeolite monoliths. The catalytic findings reported in this investigation highlight the 
potential of metal-doped 3D-printed zeolite monoliths for use in n-hexane cracking. 
 




Catalytic cracking of alkanes over zeolites is an attractive alternative to the 
traditional thermal cracking for production of benzene, toluene, and xylene (BTX) as well 
as light olefins.1-3 ZSM-5 zeolite, with MFI framework, has been widely studied in the 
context of catalytic cracking due to its high catalytic activity and shape selectivity.4-6 
However, one of the major problems in alkane catalytic cracking process over ZSM-5 is 
the coke formation which inhibits the reaction either by blocking access of reactant 
molecules to the acid sites in the micropores or by competitive removal of acid sites.7,8 It 
has been well established that the number and nature of the acid sites clearly influence coke 
formation. To reduce the rate of coke formation and hence prevent rapid catalyst 
deactivation, various approaches such as optimization of acidity, change of particle size, 
alteration of textural properties, and modification with heteroatoms, mainly metals have 
been widely used.9-11  
The effect of metal promoters on the alkane cracking performance of ZSM-5 
catalyst has been investigated.12,13 It has been shown that both the metal and the acid site 




and forms alkene which is further protonated on the ZSM-5 acid sites where the formed 
carbenium ion is isomerized and cracked.14  
Traditionally, the metal doped ZSM-5 catalyst is prepared by either ion exchange 
or impregnation method.15-16 The ion exchange is generally performed by dispersing the 
zeolite in an aqueous solution of the corresponding metal salt for several times with 
subsequent washing and drying.15 In this way, all the cations in the zeolite could be replaced 
by the desired cations in the solution and hence alter the acidity, porosity, and other 
properties of the zeolite. The impregnation method refers to the introduction of a certain 
amount of metal by addition of zeolite in an aqueous solution of the corresponding nitrate 
or acetate to achieve a desired loading after drying and calcination.17  
The addition of various metals such as Ni, Cu, and Cr to ZSM-5 for alkane cracking 
has already been demonstrated. The literature results indicated the positive impact of metal 
doping on alkane aromatization and cracking reactions. For instance, Ni was reported to 
improve the hydrothermal stability of the catalyst in cracking and promote olefin 
oligomerization.18 Furthermore, it was demonstrated that the ZSM-5 zeolite with Ni 
modification improved the selectivity toward the light olefins. The work reported by Maia 
et al18 suggested that the method by which a metal is introduced to the zeolite framework 
influence the cracking activity and selectivity to light olefins. 
In their investigation, the Ni was introduced to ZSM-5 zeolite by both wetness 
impregnation and ionic exchange methods and it was shown that the later method improved 
the formation of light olefins. In another study, very high catalytic activity and selectivity 
in the catalytic cracking of isobutane were attained over Cr/HZSM-5 catalysts loaded with 




catalytic cracking of Swida wilsoniana oil over ZSM-5 catalysts doped with various 
concentrations of Cu and it was found that Cu-modified ZSM-5 with 10 wt.% Cu content 
was optimal for producing hydrocarbon biofuels from catalytic cracking. As a transition 
metal, yttrium was also considered as a promoter in the zeolite catalyst for cracking of gas 
oils.21 However, the effect of Yttrium on catalytic cracking of alkanes hase not been fully 
understood yet. 
Recent investigations in the field of catalysis and separation have highlighted the 
advantages of additive manufacturing (3D printing) as a facile and cost-effective approach 
in formulating porous materials into monolithic contactors.22-25 In our previous study,26 we 
have successfully synthesized hierarchical ZSM-5 zeolite monolith with macro-meso-
microporous network using 3D-printing technique. Such catalyst with unique structure and 
modified acidity exhibited a more stable activity in n-hexane cracking and higher 
selectivity to light olefins than its powder counterpart. In this work, metal modification of 
3D-printed ZSM-5 monolith was reported aiming at effectively tuning the light olefins 
selectivity. A systematic approach is used where by Cr, Cu, Ni, and Y-loaded 3D-printed 
ZSM-5 monoliths were synthesized to assess the influence of metal promoters on catalyst 
properties. The metals were introduced into the ZSM-5 in the paste preparation step by 
adding the nitrate precursors directly into the zeolite slurry. Compared to conventional 
impregnation and ion exchange methods, this simple doping approach provide a facile and 
rapid pathway for development of doped catalysts. The novel 3D-printed contactors were 
structurally, physically, and chemically characterized using XRD, XRF, FTIR, SEM, N2 




tests were performed to assess the effect of metal-doping on catalytic performance of the 
monoliths in n-hexane cracking reaction and selectivity to BTX and light olefins.  
 
2. EXPERIMENTAL SECTION 
2.1.  MATERIALS 
The pristine MFI zeolite powder used for making the paste was the commercial 
ammonia-ZSM-5 with the SiO2/Al2O3 ratio of 50 (CBV 5524G, Zeolyst) which was 
calcined at 550 °C for 6 h to obtain HZSM-5. Methyl cellulose (Sigma-Aldrich) and 
bentonite clay (Sigma-Aldrich) were used as plasticizer and binder, respectively in the 
pastes. The transition metal oxide precursors including Cr(NO3)3·9H2O, Cu(NO3)2·2.5H2O, 
Ni(NO3)2·6H2O and Y(NO3)3·6H2O were all purchased from Sigma-Aldrich. 
 
2.2.  PREPARATION OF 3D-PRINTED ZSM-5 MONOLITH 
The bare 3D-printed ZSM-5 monolith without metal modification was prepared 
following our previously reported method.26 In the case of metal-doped ZSM-5 monoliths, 
instead of deionized water, an aqueous nitrate solution with approximately 10 wt.% of 
metal content was added to the zeolite/bentonite mixture and shaken over night to get a 
homogenous slurry. The selection of 10 wt.% metal loading was based on previously 
reported works showing that a metal loading in the range of 5-10 wt.% is an optimum 
loading to positively affect the porosity and acidity of the zeolite.16,27,28 Lower metal 
loading would lead to no obvious modification and higher loading would cause too much 
pore clogging, framework damage, and negatively affect the zeolite properties. The rest of 




5 without modification was noted as ZM, whereas the samples with metal modification 
were noted as MeZM (Me = Cr, Cu, Ni, Y). 
 
2.3.  CATALYST CHARACTERIZATION 
X-ray diffraction (XRD) patterns were recorded on a PANalytical X’Pert 
multipurpose X-ray diffractometer in the angle (2θ) range of 5° to 50° with Cu-Kα1 
radiation (40 kV and 40 mA) at a rate of 2.0° min-1. Nitrogen physisorption measurements 
were performed on a Micromeritics 3Flex surface characterization analyzer at -77 K. Prior 
to the measurements, all samples were degassed at 300 °C for 6 h. Total surface area was 
determined by the Brunauer-Emmett-Teller (BET) equation using the relative pressure 
(P/P0) in the range of 0.05-0.3. External surface area was calculated using t-plot method 
and the pore size distribution was estimated using Barrett-Joyner-Halenda (BJH) model. 
Scanning electron microscopy (SEM) images were captured on a Hitachi S-4700 
instrument to investigate the morphology of the materials. Energy-dispersive X-ray 
spectroscopy (EDS) was carried out to map the presence of various elements in the doped 
zeolite monoliths. Temperature-programmed desorption of ammonia (NH3-TPD) was 
performed to investigate the acid property of the samples. NH3 adsorption was carried out 
on the Micromeritics 3Flex analyzer under a flow of 5 vol.% NH3/He at 100 °C . The 
desorption of NH3 was measured from 100 to 600 °C at a constant heating rate of 10 °C 
min−1. A mass spectroscopy (BELMass) was used to detect the quantity of desorbed NH3. 
Temperature-programmed reduction with hydrogen (H2-TPR) was also performed from 50 
to 850 °C under a flow of 5 vol% H2/He using the same instrument. To determine the 




spectrometer. Mechanical testing was also carried out to determine the mechanical integrity 
of the monoliths using an Instron 3369 (Instron, Norwood, MA, USA) mechanical testing 
device with a 500 N load at 2.5 mm/min. 
 
2.4.  CATALYST TEST 
Catalyst tests were carried out in a stainless steel packed-bed reactor with an 
internal diameter of 10 mm and a length of 300 mm. The reactant n-hexane was fed to the 
system from a saturator by controlling nitrogen flow rate at 30 °C. A mass flow controller 
(Brooks, 5850) was used to control the feed flow rate. About 0.3 g of each catalyst was 
tested under 600 and 650 °C at 1.01 bar. A constant weight hourly space velocity (WHSV) 
of 5 h-1 was used. Prior to the reaction, the catalyst was activated in-situ at 500 °C in 
nitrogen flow for 2 h. The reaction products were analyzed on-line every 1 h with a gas 
chromatography (SRI 8610C) equipped with a flame ionized detector (GC-FID) connected 
to mxt-wax/mxt-alumina capillary column for hydrocarbons. The effluent line of the 
reactor until GC injector was kept at 110 °C to avoid potential condensation of the 
hydrocarbons. 
 
3. RESULTS AND DISCUSSION 
3.1.  CHARACTERIZATION OF THE 3D-PRINTED ZSM-5 MONOLITHS 
The XRD patterns of the as-prepared metal-doped ZSM-5 monoliths are displayed 
in Figure 1a and 1b. Comparing with the standard sample (ICDD No. 01-086-1722), 
characteristic peaks observed at 2θ = 7.96°, 8.88°, 23.2°, 23.3° and 24.0° were attributed 




indicated that the framework of ZSM-5 was well retained after incorporation of metals. 
Scrutiny of the patterns in Figure 1b in the range of 2θ = 30-50° revealed the presence of 
metal oxide in three of the samples. The peaks at 2θ = 33.6°, 36.1° and 41.5° in CrZM can 
be ascribed to (104), (110) and (113) planes in Cr2O3 (ICDD No. 01-086-1616).29 The weak 
signals found at 2θ = 35.6° and 38.7° in CuZM were assigned to (002) and (111) planes of  
 
 











































Figure 1. XRD patterns of ZSM-5 monolith and its modified counterparts with various 
metals in the range of (a) 2θ = 5-50° and (b) 2θ = 30-50°. The patterns of standard 
samples and corresponding ICDD No. are included. 
 
 
CuO, respectively (ICDD No. 00-005-0661),30 while the peaks at 2θ = 37.2° and 43.3° in 
NiZM were the diffractions of (111) and (200) planes of NiO (ICDD No. 00-001-1239). 
The peaks suggested the formation of transition metal oxides in these three samples. As for 
YZM, no obvious peaks were found within the investigated angles, indicating either the 




shown later in Figure 6 verified the latter possibility. The exact loading of the metal dopants 
in the 3D-printed monoliths were measured by XRF and the results are displayed in Table 
1. 
All samples exhibited typical MFI type zeolite IR spectrum, as shown in Figure 2a 
and 2b. In detail, the peaks at about 450 cm-1 was ascribed to the vibration of the internal 
T-O bonds of TO4 tetrahedra The letter “T” here represents either Al or Si in the zeolite 
framework. The bands observed at 560 cm-1 were generally associated with external bonds 
of double five-member rings.32 The peak appeared around 810 cm-1 was related to  
 
 

















































ZM 373 214 159 0.300 0.100 0.200 - 
CrZM 286 180 106 0.219 0.089 0.130 11.62 
CuZM 297 197 100 0.202 0.096 0.106 9.56 
NiZM 317 195 122 0.217 0.095 0.122 11.05 
YZM 293 185 108 0.208 0.090 0.118 10.34 
aSBET was obtained by analyzing nitrogen adsorption data at -196 °C in a relative 
vapor pressure ranging from 0.05 to 0.30.  
bMicropore area and micropore volume were determined using t-plot method.  
cTotal pore volume was estimated based on the volume adsorbed at P/Po = 0.99.  


















































































Figure 2. FT-IR spectra of (1) ZM, (2) YZM, (3) NiZM, (4) CrZM and (5) CuZM in the  
range of (a) 400-1000 cm-1 and (b) 400-4000 cm-1.  
 
 
symmetric stretching of external bonds between tetrahedral.33 The bands found at 1240 cm-
1 was a reflection of the asymmetric stretch vibration of T-O bond assigned to the external 
linkages between TO4 tetrahedra.34 The most intense peak found at 1110 cm-1 was related 
to the internal asymmetric stretching of Si-O-T bonds.35,36 In the hydroxyl group region at 
higher wavenumbers, the peak at 3745 cm-1 was ascribed to the –OH vibration of the silanol 
groups (Si-OH), mostly on the external surface of the zeolite.37,38 The peak around 3645 
cm-1 was regarded as the reflection of Al-OH groups. The peak observed at 625 cm-1 in 
CrZM corresponded to the stretching vibration of Cr-O bond.39 Other samples showed no 
obvious peaks of the oxide due to the small particle sizes of formed CuO, NiO and Y2O3.40  
Figure 3a shows the micrograph of the side view of the 3D-printed ZSM-5 monolith 
channels. These interconnected channels created by the layer-by-layer deposition via the 







Figure 3. SEM images of the side view of ZM internal channels (a), and suface of ZM  
(b), CrZM (c), CuZM (d), NiZM (e) and YZM (f). 
 
 
to traditional independent channels.41 The surface morphology of the zeolite monolith is 
displayed in Figure 3b-f. It is evident from these micrographs that the zeolite particles 




standing configuration. Pores of a broad range of size distribution, generated from the 
removal of methyl cellulose,42 can be observed on the monolith surface. In addition, the 
surface morphology, of the bare zeolite monolith and metal-modified zeolite monoliths 
were found to be similar in terms of particle size and pore geometry. Notably, CuZM and 
NiZM exhibited rougher particle surfaces than the other samples, which might be the result 
of the formation of metal oxide which changed the particle surface morphology. The 
difference in the appearance of the doped-zeolite monoliths could be correlated to the 
difference in the particle size and surface texture of the metal oxides. 
The N2 adsorption-desorption isotherms and their corresponding pore size 
distribution of the studied materials are presented in Figure 4. Overall, the ZM monolith 
displayed higher N2 uptake than the other metal-modified zeolite monoliths. All samples 
exhibited Type IV isotherms with hysteresis loops of various sizes in relative pressure 
range of 0.45 to 1.0. The textural properties of all 3D-printed monoliths are shown in Table 
1. The BET surface area decreased from 373 m2/g to 286, 297, 317, 293 m2/g for, CrZM, 
CuZM, NiZM and YZM, respectively. The lower surface area of the metal-modified zeolite 
monolith was due to the formation of metal oxide during doping. Similarly, the pore 








 for CrZM, 
CuZM, NiZM and YZM, respectively. It should be noted here that the slight change in 
microporous volume, calculated from t-plot method, indicated that the decrease in the total 
pore volume was mainly originated from the reduction in the mesopore volume. The inset 
of Figure 4 shows the distribution of the pore sizes. The multiple peaks observed for all 
samples, in addition to the intrinsic monolith channels, suggested the 3D-printed monoliths 




was the result of the dramatic volume decline of the mesopores ranging from 10 to 50 nm. 
The effect of metal modification on the size of the pores in the 1-5 nm range was different 
for different metals. While CuZM and YZM displayed lower peaks in this range, CrZM 
and NiZM gave rise to higher peak intensities, as a result of the formed chromium oxide 
and nicke oxide, which had dominant mesopores in this range.  
 
 









































Figure 5 summarizes the acidic properties of the 3D-printed zeolite monoliths 
determined from NH3-TPD profiles with corresponding strong and weak acid sites amounts 
listed in Table 2. The intensity refers to the amount of NH3 desorbed from the samples 




















Figure 5. NH3-TPD profiles of the 3D-printed ZSM-5 monoliths. 
 
 
and 394 °C represented the weak and the strong acid sites on the surface, respectively. The 
area under each peak is proportional to the number of acid sites. Both CrZM and YZM 
samples showed increased amount of  weak acid sites with similar peak around 205 °C, 
however the strong acid sites peaks shifted to lower temperatures of 371 and 385 °C, 
respectively, indicating the strength of the acid sites was moderated by the metal 
modification in these two samples. For CrZM and YZM, the smaller peak area for strong 
respectively, indicating the strength of the acid sites was moderated by the metal 
modification in these two samples. For CrZM and YZM, the smaller peak area for strong 
acid sites suggested the reduced number of strong acid sites, whereas NiZM exhibited 
increased number of weak acid sites. The effect of Cu on the acid site was complex 




range of 150 to 400 °C and another peak from 400 to 600 °C, indicating the strength of the 
strong acid sites increased after modified with Cu, consistent with previous work.43  
 
 
Table 2. Summary of TPD and TPR results. 
Sample 















(mmol g-1) No. T (K) 
ZM 207 0.40 394 0.16 0.56 - - - 
CrZM 205 0.31 371 0.13 0.44 a 285 4.55 
CuZM 297 0.56 459 0.15 0.72 a 206 5.67 b 625 4.25 
NiZM 216 0.55 376 0.13 0.68 a 209 4.48 b 366 2.38 
YZM 208 0.52 385 0.07 0.59 a 331 2.72 b 686 2.68 
a obtianed from NH3-TPD results 
b obtained from H2-TPR results 
 
 
The H2-TPR results for all metal-modified monoliths are presented in Figure 6 and 
the peaks position with corresponding areas are shown in Table 2. For CrZM, the peak 
appeared at around 285 °C was due to the reduction of Cr3+ to Cr0, consistent with results 
of previous studies.44 The result was consistent with the XRD pattern showing the 
formation of Cr2O3. CuZM had peaks centered at 220 and 640 °C, respectably. The former 
peak can be attributed to the reduction of bulk CuO, whereas the latter peak can be can be 
assigned to the replacement of Cu2+ cation with H+ in the zeolite hydroxyl groups, which 
needs a higher temperature to be reduced than CuO.45 The peaks observed in YZM profile 
at 331 and 686 °C were ascribed to small Y2O3 particles and yttrium cation exchanged on 




particles, whereas the peak centered at 400 °C was assigned to the bulk NiO, as was 
reflected in XRD patterns. 
 
 


















Figure 6. H2-TPR profiles of the 3D-printed monoliths. 
 
 
3.2.  CATALYTIC EVALUATION OF THE 3D-PRINTED ZSM-5 MONOLITHS 
The metal-modified 3D-printed ZSM-5 monoliths and their bare counterpart were 
tested in the catalytic cracking of n-hexane at 600 and 650 °C. Alkane catalytic cracking 
over zeolites is typically performed in this temperature range.4,47 The conversion curves of 
n-hexane (Xn-hexane) as a function of time-on-stream over monolith are displayed in Figure 
7. At 600 °C, all MeZM samples exhibited higher conversion than the bare ZSM-5 
monoliths, as shown in Figure 7a. Moreover, it can be seen that the metal modification 
made the catalysts more stable in the n-hexane cracking process at 600 °C. Although the 




maintained nearly constant throughout at the investigated times. Among the metal modified 
samples, CuZM exhibited the highest n-hexane conversion of 97%, which could be 
attributed to the high amount of acid sites, enhanced acid sites strength and the generated 
reduced sites on the monolith surface, as discussed in TPD and TPR results. Other modified 
ZSM-5 monoliths also showed improved activity. It was also found that the conversion of 
n-hexane at 650 °C was higher than that at 600 °C over all the investigated monoliths in 
the initial stage of the reaction. ZM, CrZM, CuZM, and NiZM experienced a gradual 
conversion decline suggesting the formation of coke deposition and, hence, deactivation of 
the catalysts. Considering the long period of reaction time of 24 h, the decrease within 5% 
was minor  
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Figure 7. Conversion of n-hexane as the function of time on stream on the investigated 
3D-printed ZSM-5 monolith at (a) 600 °C and (b) 650 °C. WHSV, 5 h−1;  






and non-severe. As discussed in previous paper,26 the good stability stemmed from the 
creation of the monoliths with hierarchical porosity which favored the mass transfer of the 
intermediates and products, which further suppressed secondary reactions such as aromatic 
polymerization and reduced coke formation.  
Investigating the compounds detected in the product stream of the n-hexane 
cracking reaction, it was found that the main products consisted of olefins (C2=-C5=), 
paraffin (C1-C5) and BTX. Figure 8a and 8b depict a summary of the selectivity towards 
the aforementioned hydrocarbons in three stages of the reaction: 1 h on stream, the initial 
stage of the reaction; 10 h on stream, the medial stage of the reaction; and 24 h on stream, 
the final stage of the reaction. In these two figures, ethylene, propylene, and butylene are 
stacked in one column since they are all categorized as light olefins. The other products, 
i.e. BTX, paraffin and other hydrocarbons, are listed in individual columns. In each stage 
of the reaction, the catalysts are displayed and compared in the following order: bare ZSM-
5 and ZSM-5 monoliths modified with Cr, Cu, Ni, and Y.  
As evident from Figure 8a, CrZM and YZM exhibited a higher selectivity towards 
light olefins than ZM in the initial stage of the reaction at 600 °C. With the reaction 
evolution, the CrZM and YZM experienced a gradual decrease in light olefin selectivity, 
whereas the selectivity variation over CuZM and NiZM was insignificant indicating that 
all MeZM samples produced less light olefins than their bare counterpart in the medial and 
final stage of the reaction. Among the investigated catalysts, CuZM, NiZM and YZM 
showed outstanding performance in producing BTX. The formation of BTX might be the 
results of the aromatization of paraffin with shorter carbon numbers (e.g. ethane and 




Haag-Dessau cracking mechanism.1 The modification with Cu and Ni promoted the 
aromatization process under the reaction conditions investigated and hence increased the 
selectivity towards BTX, in accordance with previously reported works.28,48 The effect of 
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Figure 8. Product distribution on the investigated 3D-printed ZSM-5 monolith at (a)  




Our catalytic results showed that the YZM promoted the production of BTX by reducing 
the paraffin selectivity at 600 °C in the later stage of the reaction. 
The products distribution at 650 °C is displayed in Figure 8b. At this temperature, 
Cu and Ni-modified monoliths retained their outstanding selectivity towards BTX in 1 and 
10 h on stream. In addition, CrZM exhibited an enhanced production of BTX in these 
reaction stages. However, YZM experienced a significant decrease in BTX selectivity 
when the temperature was increased to 650 °C. All the catalysts displayed a higher light 
olefins selectivity than at 600°C, suggesting that the increased temperature not only 
enhanced the activity but also favored the production of light olefins. With the evolution 
of the reaction, ZM, CrZM, CuZM, and NiZM experienced an increasing trend for 
selectivity towards light olefins, whereas YZM displayed a steady behavior.  Dupain et 
al.49 described that the initial stages of the FCC process involves mostly thermal (radical) 
cracking on the outer surface, especially at high temperature. The generated paraffin are 
catalyzed by metal sites and are promoted to produce aromatics. In the developed stages of 
the reaction, the process involves catalytic conversion on Brønsted acid sites, which 
dispersed in the internal cages of the MFI frameworks in the zeolite4,9,10,50–52 and acted as 
the active sites to donate proton in hydrogen transfer step and produce carbonium ions 
which are the precursor of the light olefins. 
Since each catalyst exhibited a certain degree of deactivation at 650 °C, TGA of 
the spent catalysts after 24 h of n-hexane cracking was carried out in the temperature range 
of 30-900 °C. The TGA and DTA profiles are depicted in Figure 9. For NiZM, two peaks 
in the range of 420-540°C were observed which were assigned to the soft coke associated 




system.53 This result indicated that the Ni dopant prevented the coke precursor from 
growing further into heavier cokes. All other monoliths showed a dramatic weight loss 
after 550 °C. CrZM not only showed the highest weight loss, indicative of most severe 
deactivation in agreement with conversion trend, but also exhibited a broad DTA peak, 
indicative of the formation of various types of coke with various molecular weights. The 
yttrium was the only dopant that enhanced the coke resistance nature of the catalyst, 
according to its reduced amount of coke in comparison with bare ZSM-5 monoliths. This 
coke resistance behavior could be attributed to the relatively low conversion of n-hexane 
over YZM, moderated acidity, and small amount of reduction sites. 
 
 





































Figure 9. TGA (lower) and DTA (upper) profiles of the spent catalysts after n-hexane  





To study the recyclability of the metal-doped 3D-printed ZSM-5 monoliths in n-
hexane cracking reaction, CrZM and NiZM monoliths were calcined at 700 °C for 4 h in 
air to remove the coke from and regenerate the spent catalysts after 12 h of time-on-stream. 
These two samples were selected for the recyclability tests because they both exhibited a 
relatively high coke formation and there was an essential difference between their coke 
types, as evident in the DTA peak positions (see Figure 9). Both catalysts were regenerated 
twice and tested again under the same conditions as fresh catalysts. The activity as a 
function of time-on-stream in each cycle is depicted in Figure 10. It can be noted that the 
recyclability of CrZM was poor due to the large amount and high molecular weight of the 
formed coke. The DTA profile of CrZM monolith suggested that the total coke removal 
can be achieved at temperatures above 760 °C. However, it has been shown that higher 
temperature would cause significant reduction in zeolite crystallinity and substantial 
decrease in pore volumes.51 The regeneration temperature of 760 °C in this study was not 
clearly adequate to remove all the coke formed during reaction. Remaining coke in the 
zeolite accelerated the coke formation in the later cycles of the reaction, leading to a more 
rapid deactivation of the catalyst.51,54,55 On the other hand, NiZM monolith exhibited a good 
performance after regeneration. The n-hexane conversions over this catalyst were 98.7%, 
98.7%, and 98.0% in three cycles, respectively, indicating the Ni-doped 3D-printed 
monolith could be regenerated for n-hexane cracking. These results correlate well with the 
DTA peaks of NiZM shown in Figure 9, which revealed that the coke could be removed 
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Figure 10. Activity of the CrZM and NiZM as a function of time-on-stream in three 





We synthesized Cr, Cu, Ni, and Y-doped 3D-printed ZSM-5 monoliths by adding 
metal nitrate precursors directly into the ZSM-5 slurry and hence integrated the 
modification step with the additive manufacturing of the structured catalysts.  The crystal 
structure and the frameworks of the ZSM-5 were retained after the metal doping, despite 
the fact that corresponding metal oxides were formed in the 3D-printed monoliths. Both 
porosity and the acidity of the monoliths were influenced by metal modification. A 
combination of catalytic testing and detailed catalyst characterization resulted in the 
identification of two different effects on the activity and selectivity, depending on the metal 




revealed that Cr, Cu, and Ni modification favored the production of BTX in the n-hexane 
catalytic cracking, whereas the addition of Y in the monoliths promoted the selectivity 
towards light olefins. Moreover, temperature and time-on-streams were found to be other 
significant factors affecting the product distribution. At lower temperature, all investigated 
monoliths exhibited relatively steady throughout during the reaction time and exhibited 
lower light olefins selectivity, whereas, at higher temperature, the light olefins selectivity 
increased with reaction evolution for all samples and the maximum selectivity of ca. 50% 
was observed on YZM. 
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2. CONCLUSIONS AND FUTURE WORK 
2.1. CONCLUSIONS 
In this dissertation, various zeolite catalysts were engineered through fine-tuning 
micro-meso-macro-porosity and surface acidity. The engineered zeolites were used as 
heterogeneous catalysts for production of light olefins such as ethylene and propylene 
through alcohol dehydration and hydrocarbon cracking reactions. 
Specifically, the novel SAPO-34@ZSM-5 zeolite composite catalysts with core-
shell structure were synthesized via the secondary growth method. Both micropores and 
mesopores were obtained in the composite catalysts. The combination of these two types 
of zeolites gave rise to the formation of a zeolite composite with mild surface acidity, which 
further favored the ethanol dehydration reaction. The zeolite composite catalysts exhibited 
a good catalytic performance in producing light olefins, mainly ethylene. The core-shell 
structure not only improves the selectivity toward desired product, but also enhances the 
stability of the catalyst in ethanol dehydration reaction. 
Furthermore, the 3D printing technique was employed as a novel and advantageous 
method for the fabrication of monolithic catalysts. This technology provides a rapid, cost-
efficient and facile way of manufacturing customized structured catalysts. 3D-printed 
HZSM-5 zeolite and HY zeolite were successfully prepared, and both zeolite monoliths 
were coated with SAPO-34 layers. The surface area and porosity were modified after 
formulation into monoliths but comparable to their power counterparts. The zeolite acidity 
was also influenced by the creation of monolith structure. The overall changes in the 




enhanced its selectivity to light olefins. SAPO-34 coating significantly tailored the 
characterizations of the zeolite monoliths. The most noteworthy effect was the increase of 
selectivity to BTX over 3D-printed HY monolith.  
The 3D-printed HZSM-5 zeolites was also applied in the methanol-to-olefin 
reactions, some of which contains amorphous silica. This series of catalysts exhibited a 
hierarchical (macro-meso-microporous) pore network. The addition of amorphous silica 
and the coating with SAPO-34 crystal via secondary growth method were applied to tune 
the porosity and acidity of the zeolite monoliths. The incorporation of amorphous silica 
contributed to formation of additional mesopores and reduction in acid sites density. The 
SAPO-34 coating led to pore clogging which caused great mesopores volume reduction, 
whereas both Brønsted and Lewis acid sites were increased by the SAPO-34 crystals. The 
selectivity toward light olefins in MTO reaction was favored by the novel 3D-printed 
structure as a result of modified acidity and porosity of the catalysts. Due to the reduced 
Brønsted acid site, the hydrogen transfer route in MTO reaction was mitigated and 
therefore production of paraffin and aromatic was suppressed and less coke formation was 
observed. The dealumination after MTO reaction was observed on the 3D-printed zeolite 
monoliths, but it was considered to be a stable catalyst due to its prolonged life time.  
The zeolite monoliths were further developed by directly adding metal precursor 
when the paste were made before 3D printing process.  A series of 3D-printed zeolite with 
various metal dopants, including Cr, Cu, Ga, La, Mg, Y, and Zn, were prepared. Screening 
of metal dopants in the 3D-printed ZSM-5 monolith catalysts for the MTO reaction was 
carried out by evaluation their performance in fixed-bed reactor. All catalysts retained their 




were changed. Among the as-prepared catalysts, Mg/ZSM-5 and Zn/ZSM-5 showed the 
most improved ability to produce light olefin, due to their moderated acid sites by 
exchanged the proton on hydroxyl group with the metal cation. The outstanding coke 
resistance of Mg/ZSM-t result from the occupied space in the micropores. 
The 3D-printed ZSM-5 monoliths doped with Cr, Cu, Ni, and Y were evaluated in 
the catalytic cracking of n-hexane. Both the detailed catalyst characterizations and the 
catalytic tests showed that Cr, Cu, and Ni modification favored the production of BTX in 
the n-hexane catalytic cracking, whereas the addition of Y in the monoliths promoted the 
selectivity towards light olefins. Moreover, temperature and time on streams were found 
to be other significant factors affecting the product distribution. At lower temperature, all 
investigated monoliths exhibited relatively steady throughout during the reaction time and 
exhibited lower light olefins selectivity, whereas, at higher temperature, the light olefins 
selectivity increased with reaction evolution for all samples and the maximum selectivity 
of ca. 50% was observed on yttrium doped catalyst. 
 
2.2. FUTURE WORK 
For the 3D-printed zeolite monolith with honeycomb structure, other parameters 
which defined the monolith could be altered, e.g. the wall thickness and the channel 
dimension, for the optimization of the catalytic performance to make the most of the 
customization of 3D printing technique. In addition, the coating via secondary growth 
method could be further studied in the effect of the coating thickness on the catalytic 
performance of the monolith catalysts. Other zeolite or molecular sieve could also be 




alkane cracking. For the 3D-printed monoliths with metal dopants, the percentage of the 
metal loading is a significant factor which affect the catalysts properties and catalytic 
performance. The study of the monoliths with various metal loading could be carried out 
to optimize the appropriate loading for each dopant in a specific heterogeneous catalytic 
reaction. 
The utilization of carbon dioxide as a sustainable feedstock for the production of 
fuels and value-added chemicals has drawn broad interests to the industrial chemistry. 
Previous reported works have shown that the 3D-printed zeolite monolith have good 
performance in CO2 adsorption. When the dopants were employed, as in this dissertation, 
the metal oxide should have positive effect on the CO2 adsorption of the 3D-printed 
monolith. The studies on the methanol-to-olefin reaction in the presence of CO2 over the 
3D-printed monoliths with dopants could be performed for the investigation of the effect 
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